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DESIGN AND PRODUCTION
OF
BENCHTOP X-RAY IMAGING SYSTEM
SUMMARY
A low cost X-ray imaging device based on BPW-34 Si-PIN photodiode was designed
and produced. X-rays were generated from a CEI OX/70-P dental X-ray tube using
a custom made ±20 kV power supply. A charge sensitive preamplifier and a shaping
amplifier were built for the amplification of small signals produced by photons in the
BPW-34 Si-PIN photodiode. A two dimensional position control unit was used for
moving the detector in small steps to measure the intensity of X-rays absorbed in the
object to be imaged. An Arduino Mega 2560 micro controller and Aessent AES220B
FPGA module was used for transferring the image data to a computer via USB. Images
of various samples were obtained with acceptable image quality despite of the low cost
of the device.
Designing a device for fast imaging time was not the main motivation in this thesis.
However, having an acceptable image quality together with reduced cost and simple
design were the main considerations. Total cost of the imaging device presented in this
thesis is under 1000 USD.
Filtering applications based on known energy spectrum are helpful tools to obtain
images with better quality. For that reason, energy spectra of the CEI OX/70-P
tube for different tube voltages were determined. Additionaly, energy spectra of
CEI OX/70-P dental tube were determined experimentally and were compared with
Geant 4 simulation results. Beside the experimental and simulation comparison
studies, energy spectra were taken with BPW-34 Si-PIN photodiode and a commercial
spectrometer Amptek X123 to ensure the consistency within the experimental spectra.
In these studies, the geometries of BPW-34 Si-PIN photodiode, CEI OX/70-P tube
and Amptek X123 detector, provided by the manufacturers, were embedded in Geant
4 simulations.
A power supply was necessary to provide high tension between anode and cathode of
the tube. It was produced as three stages. The first stage was a Pulse Width Modulator
(PWM) circuit with adjustable frequency and duty. PWM was used for generating
high frequency signal for feeding up two identical step-up transformers. Two identical
step-up transformers were driven by a MOSFET circuitry after the PWM in the second
stage. Instead of using a high voltage transformer, driving simple transformers with
an optimum frequency PWM signal has provided the high voltage we need. Finally, a
well-known Villard-Cascade voltage multiplication topology was used to multiply the
initial stepped-up potential to the desired value. The multiplier units are simple circuits
made from diodes and capacitors. In this method, an n-stage voltage multiplier unit
produce 2n folded output voltage. The multiplier unit was designed to give 10-fold
increase in the output voltage. We have also designed a negative 10-stage voltage
multiplier unit by simply reversing the polarities of all the multiplier diodes. Instead of
running the tube for our measurements with a single supply (+40 kV), it was preferred
to generate a symmetrical high voltage (±20 kV) with two independent cascade units.
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This helps to overcome unwanted discharges and to ease electrical isolation problems.
A custom made filament transformer was wounded as an isolation transformer and it
was embedded in epoxy-resin to provide electrical. The isolation transformer was used
between the mains and the filament power supply running at 2 VAC and 1.5 A current
in regular operating conditions.
Drifts in the filament current or tube voltage cause X-ray intensity to change and
this can degrade the image quality. Most industrial type power supplies used for
X-ray tubes are designed with feedback circuitry to stabilize the voltage/current output.
However, our design does not include such a feedback control for simplicity. Instead
of this, drifts problem was solved by correcting the image when necessary by using the
data obtained from an X-ray intensity monitor. Since there were no feedback controls
for precise regulation of the filament current and the high voltage of the tube, X-ray
intensity was continuously monitored with another BPW-34 based detector designed.
In order to investigate the magnitude of X-ray intensity fluctuations which may
deteriorate the image quality, we have recorded the intensity of incident X-rays during
imaging time. To minimize the image reconstruction artifacts, the object-detector
distance was chosen to be smallest possible and single hole aluminum collimator was
used to minimize the scattered X-rays from large angles. The image data containing
the position information and the count rate were constructed as gray-scale images.
Scintillator crystals have an important role in nuclear imaging to convert ionizing
radiation to visible or ultraviolet photons. They permit to increase speed of response,
the accuracy and the sensitivity of the radiation sensors. The CsI crystals are
widely used scintillators in the nuclear detection systems due to its relatively low
hygroscopicity, cost and high atomic number. Vertical Bridgman crystal growth
technique was studied to produce single CsI scintillator using three temperature zone
Crystalox vertical Bridgman Single Crystal Growth System equipment.
The system designed includes single Si-PIN photodiode as a detector. When this is
the case, it is required to move either the object or the detector through the region of
interest. In order to ensure the possibility of working with liquid containing samples,
moving the detector within the defined limits was preferred. For that reason, a 2D
scanning bench consisting of two linear trays positioned perpendicular was used. The
one on top has a load-bearing panel and the detector box was fixed on it. Linear axis
trays were moved by two step motors placed on each side of the trays. Since parallel
port is the easiest way to communicate with the peripherals, the motor drivers were
connected to the parallel port of the computer using a communication board.
Mach3 CNC Software package program was used for controlling the software of the
X-Y scanning bench. Coding language for Mach3 is special and called as G-code
programming language. Loop properties of the G programming language was used in
the automatized movements of the motors. Writing the G-code using loop structure
reduced the time spent for coding and removed the motor fails. One can adjust the
speed of acceleration, step size, start-stop positions with a graphical user interface
(GUI).
Synchronization between transferring of the data and motor motions should be
established for error free data taking. A pilot signal was produced in the motor driver
unit when motors were active. This pilot signal was processed to be able to transfer
the image data to the computer properly. A delay circuitry was built using NE555
integrated circuit to have an interrupt during the motion of the detector between the
scan steps. Thereby, we could track the position of the motors when they were moving.
Image data was transferred to computer via an Arduino unit when a single Si-PIN
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photodiode used as a detector.
Combination of hardware units enabled us to obtain X-ray images of various samples
with accepted image quality. Depending on the desired resolution, images may take
up to several hours even for small sized objects. However, when time is not number
one priority, this device can provide a good quality X-ray images at low cost. The
time requirement for imaging with only one pixel detector is relatively long. Thus,
a multidetector array, which compromises 24 BPW-34 detectors was designed and
produced. Imaging with this detector array required using an FPGA to transfer the
data from detectors to the computer simultaneously. For test purposes, an FPGA code
for four detectors was written and it was tested during real data taking.
There are some improvements can be made in the future with the cost of extra labor.
One of them is using a detector array to reduce the scanning time. Additionally
using scintillators in front of photodiodes will dramatically increase the efficiency.
Collimator studies are also worth obtaining scatter free images. These additions in
hardware will not change the overall cost dramatically. However, they will shorten the
scanning time.
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MASAÜSTÜ X-IS¸INI GÖRÜNTÜLEME SI˙STEMI˙NI˙N
DI˙ZAYNI VE ÜRETI˙LMESI˙
ÖZET
Endüstriyel amaçlı kullanılan numunelerin (boru, tekerlek, cep telefonu, çanta,
vb.) iç yapılarının görüntülenmesi on yıllardır önemini koruyan bir konudur.
X-ıs¸ını radyografisi denilen, X-ıs¸ınlarının madde içinde sog˘urulmasını temel alan
görüntüleme, numunelerin iç yapısını görüntüleme konusunda en yaygın kullanılan
yöntemdir. Genellikle vakum tüp içerisinde üretilen X-ıs¸ınlarının, görüntülenecek
numune içerisindeki farklı bölgelerde, farklı oranlarda sog˘rulması sonucunda, gelen
X-ıs¸ınlarının s¸iddeti, numuneyi terk ederken belli oranlarda deg˘is¸ir. Bu deg˘is¸im,
numunenin ardına yerles¸tirilen algılayıcılar sayesinde algılanarak, numunenin gözle
görülmeyen iç yapısı hakkında bilgi tas¸ıyan X-ıs¸ınları dag˘ılımı, görünür hale
dönüs¸türülür. Algılayıcılar arasında, kimyasal is¸lemler sonunda görüntü olus¸turan
filmler, anında görüntü veren iki boyutlu, yüksek piksek sayısına sahip dijital
ıs¸ıldayıcı ekranlar, CCD, CMOS, amorf silikon gibi yarıiletken malzeme tabanlı
sensör dizilerinden olus¸an sistemler bulunmaktadır. Görüntüleme is¸lemi iyon-
las¸tırıcı radyasyon kullanılarak yapıldıg˘ından, medikal görüntüleme ve endüstriyel
görüntüleme is¸lemlerinde gereksinimler ve kısıtlamalar deg˘is¸iklik gösterir. Medikal
görüntülemede mümkün olan en az dozla, en kısa sürede en yüksek çözünürlüklü,
istenilen bölgenin görüntülenmesi esastır. Bununla birlikte endüstriyel görüntülemede
ise doz ve zaman kısıtlamaları, medikal görüntülemeye göre daha esnektir. Ancak
doz ve zaman kavramlarındaki artıs¸ın, görüntülemenin maliyetini artıracag˘ı açıktır.
Endüstriyel numunelerin görüntülenmesinde esas amaç yüksek çözünürlüklü ve düs¸ük
maliyetli görüntülemedir.
Piyasada satılan X-ıs¸ını görüntüleme sistemleri genelde CCD veya CMOS sensörler
kullanmaktadır ve bu konu ile ilgili literatürde çok az sayıda PIN fotodiyot bazlı
çalıs¸ma bulunmaktadır. Bugüne kadar üretilen X-ıs¸ını görüntüleme cihazlarının
yüksek maliyetli olus¸u temel olarak, görüntüleme sistemlerinde kullanılan sensör ve
sensör dizilerinin üretim maliyetinin yüksek olmasından kaynaklanmaktadır. Bunun
yanında X-ıs¸ını üretimi ve kararlılıg˘ı için üretilen cihazların ileri malzeme ve
teknolojisi gerektirmesi maliyetlerin artmasına sebep olmaktadır. Tez kapsamında
üretilen görüntüleme sisteminin maliyeti 1000 USD ’nin altında tutulmus¸tur. Bu
çalıs¸mada üretilen sistemin ticari benzerlerine göre son derece düs¸ük maliyetli olması
çalıs¸mayı bu yönüyle özgün kılmaktadır. Bahsedilen fiyatlarda bir dijital X-ıs¸ını
görüntüleme sistemin kullanılabilir hale getirilmesi, nükleer görüntüleme alanında
önemli bir gelis¸me olacaktır.
Bu tez konusu kapsamında, son derece ucuz, kolay bulunabilen bir Si-PIN fotodiyot
olan BPW-34 temelli bir X-ıs¸ını görüntüleme sistemi dizayn edilmis¸ ve üretilmis¸tir.
Kaynak olarak kullanılan X-ıs¸ınları CEI OX/70-P dis¸çi tüpü ile elde edilmis¸tir. Tüpün
anot beslemesi için kendi dizaynımız olan ±20 kV yüksek gerilim sag˘layabilen güç
kaynag˘ı kullanılmıs¸tır. X-ıs¸ını fotonlarının, fotodiyodun ara (intrinsic) bölgesinde
meydana getirdig˘i küçük akım, laboratuvarımızda dizayn edilen ve üretilen bir yük
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hassas önyükseltici ile gerilime dönüs¸türülmüs¸ ve sonrasında bir s¸ekil kuvvetlendirici
ile genlig˘i artırılmıs¸tır. I˙ki boyutlu bir pozisyon tarayıcı yardımıyla objenin
hemen arkasına yerles¸tirilen detektör biriminin pozisyonu deg˘is¸tirilerek tarama is¸lemi
gerçekles¸tirilmis¸tir. Aessent AES220B FPGA ve Arduino modülü yardımıyla
data USB üzerinden bilgisayara aktarılmıs¸ ve veri gri ölçek siyah-beyaz resme
dönüs¸türülmüs¸tür.
X-ıs¸ını görüntüleme cihazlarında kullanılan güç kaynakları 5-6000 kV arasında yüksek
gerilim ve 0.1-100 mA aralıg˘ında akım sag˘layabilme özelliklerine sahiptir. Tez
kapsamında üretilen görüntüleme sistemi, çanta, cüzdan gibi kis¸isel es¸ya içerig˘i veya
cep telefonu, saat gibi görece küçük ve iç yapısının görüntülenmesinde yüksek enerji
ve s¸iddette X-ıs¸ını gerektirmeyecek numuneler için dizayn edilmis¸tir. Bu amaçla
kullanılacak görüntüleme sistemimiz için, kullandıg˘ımız X-ıs¸ını tüpüne kararlı gerilim
ve akım sag˘layabilen bir güç kaynag˘ı dizayn edilmis¸ ve görüntüleme çalıs¸mlarında
kullanılmıs¸tır.
X-ıs¸ını üreteci olarak CEI OX/70-P dis¸ röntgeni uygulamalarında kullanılan X-ıs¸ını
tüpü kullanılmıs¸tır. Bu tüp 70 kV gerilim ve 8 mA lik akım deg˘erlerinde AC
veya DC modda çalıs¸abilen, tungsten anotlu, cam kaplamalı, bir X-ıs¸ını tüpüdür.
CEI OX/70-PX-ıs¸ını tüpü, sıcak katot (filament beslemeli) modunda çalıs¸tıg˘ından,
filament gücü, yüksek gerilim güç kaynag˘ından ayrı bir güç ünitesi olmak üzere bir
varyak kullanılarak sag˘lanmıs¸tır. Tüpün çalıs¸ması için gereken anot-katot arası yüksek
gerilim, 0-40 kV ayarlanabilir bir güç kaynag˘ı üretilerek sag˘lanmıs¸tır. Çift trafo
ve çift kaskat sisteminin kullanıldıg˘ı, simetrik gerilim üretebilen (±20 kV) yüksek
gerilim güç kaynag˘ının üretilmesi, elektrik izolasyonu konusunda önemli kolaylık
sag˘lamıs¸tır. Yüksek gerilim güç kaynag˘ı temel olarak, sinyal genis¸lik modülatörü
(PWM), seri bag˘lı transformatörler ve izolasyon transformatörü, Villard kaskat voltaj
yükseltici birimlerinden olus¸maktdır. CEI OX/70-P X-ıs¸ını için tüp akımı en fazla
mA mertebesinde olacag˘ından, PWM ünitesinde tek MOSFET barındıran yapı tercih
edilmis¸tir. Bu PWM ünitesinde saat sinyali basit bir NE555 devre tasarlanarak
sag˘lanmıs¸tır. Bir DC güç kaynag˘ı ile beslenen PWM, MOSFET yardımıyla seri
bag˘lanmıs¸ transformatörleri anahtarlama görevini yapmaktadır. CEI OX/70-P tüp
için gerekli yüksek gerilim, simetrik olarak uygulandıg˘ından, negatif kutup için ve
pozitif kutup için ayrı transformatörler kullanılmıs¸tır. Bu transformatörler piyasada
kolaylıkla bulunabilen, 220VAC s¸ebeke gerilimini 12, 18, 24, 36, 48 VAC deg˘erlerine
düs¸ürebilen 25 W lık transformatörlerdir. CEI OX/70-P X-ıs¸ını tüpü ile yüksek gerilim
altında çalıs¸ıldıg˘ı durumlarda, s¸ebekeye geri dönüs¸ akımları ile kars¸ılas¸ılmıs¸tır. Tüp
filamentinin uçları arasındaki gerilim 2.5 V olmasına rag˘men, filamentin uçlarının
toprag˘a göre 20000 V deg˘erinde olus¸u bu durumun sebebi olarak deg˘erlendirilmis¸tir.
Filament beslemesi için kullanılacak bir izolasyon transformatörü dizayn ederek bu
durumun önüne geçilmis¸tir.
Yüksek gerilim güç kaynag˘ı için üretilen kaskat yükselticiler için kullanılan diyotlar
ileri yönde voltaj düs¸ümü az olan hızlı çalıs¸an yüksek gerilim diyotlarıdır. Bu diyotlar
için birçok deneme yapılmıs¸ ve sonunda 15 kV ’luk piyasadan kolaylıkla temin
edilebilen T75A diyotları kullanılmıs¸tır. Kapasitör olarak 8 kV, 10 nF MKP (Metalized
Polypropylene) kullanılmıs¸tır. Yüksek gerilim ünitesindeki açık kablolar ve sivri
uçlar, etrafındaki havayı hızlıca iyonize ettig˘inden, bu bölgeler güç kayıplarına neden
olmaktadır. Bu nedenle bu bölgelerin yalıtılması son derece önemlidir. Kaskat unitesi,
hazırlanan kalıp içerisine epoksi reçine dökülerek havadan tamamen izole edilmis¸ ve
elektriksel yalıtım sag˘lanmıs¸tır. Yüksek gerilim ünitesinin simetrik çıkıs¸ verebilmesi
için, voltaj katlayıcı ünitelerden iki adet üretilmis¸tir. Sonuç olarak negatif (-20 kV) ve
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pozitif (+20 kV) yüksek gerilim iki farklı katlayıcı ünitesinden elde edilmis¸tir.
Görüntüleme is¸lemi, numunenin hareketsiz bir tutucu üzerine sabitlenerek, BPW-34
Si-PIN fotodiyot tabanlı detektör biriminin, numuneden geçen X-ıs¸ınlarını belirli
pozisyonlarda algılamasından ve bu verinin analiz edilmesinden olus¸makadır. Detektör
birimi tek bir BPW-34 fotodiyottan olus¸tug˘undan, iki boyutta hareket edebilen, motor
kontrollü X-Y eksenli tabla dizayn edilmis¸tir. Tablanın hangi yönde ve ne kadar
hareket edeceg˘i, Mach3 kontrol programı ile belirlenmis¸tir. Genel olarak taramalar,
bir bas¸langıç noktasından itibaren belirlenen adım aralıklarında tablanın ilerletilmesi
s¸eklinde yapılmıs¸tır. Tablanın belirlenen pozisyonlardaki X-ıs¸ını sayımları bilgisi,
dizayn edilen detektör ve veri aktarma birimi yardımıyla bilgisayara aktarılmaktadır.
X-Y eksenli tablanın hareketi, detektörün kaydettig˘i sayımlarla senkronize olmalıdır.
Bunun için tabla bir adım ilerledig˘inde, detektör sayım almaya bas¸lamakta, tablanın
takip eden hareketine bas¸ladıg˘ı anda, detektör sayım deg˘eri bilgisayara aktarılarak
sıfırlanmakta ve yeni pozisyon için sayım bas¸latılarak is¸lem devam etmektedir.
Tablanın eksenleri en küçük yerdeg˘is¸tirmesi 30 µm olan sonsuz miller üzerinde hareket
etmektedir. Bu durum, görüntüleme sisteminin uzaysal çözünürlüg˘ünün 30 mikron
oldug˘u anlamına gelmektedir.
Tablanın her pozisyon deg˘is¸tirmesi durumunda detektör verisinin bilgisayara aktarılıp,
sıfırlanması ve detektörün kendisini yeni gelen veriye hazırlaması gerekmektedir.
Detektör birimi, dijital ve analog sinyal çıktısı verebilmektedir. Görüntüleme
olus¸turma çalıs¸malarında dijital sinyal çıktısı öncelikle tek detektör kullanılarak
Arduino Mega yardımıyla bilgisayara aktarılmıs¸tır. Sinyallerin aktarma ve sıfırlama
is¸lemlerinin motor hareketiyle senkronizasyonu, basit bir lojik devre dizayn edilerek
sag˘lanmıs¸tır. X ve Y motorlarının hareket etme anında, motor sürücü devredesindeki
aktif olan sinyal her iki motor için de belirlenip 74LS32 (OR) mantık devresine giris¸
olarak verilmis¸tir. Böylece herhangi bir motorun hareket ettig˘i durumlar bu sinyal
kullanılarak belirlenmis¸tir. Ancak bu sinyaller mikrosaniye mertebesinde oldug˘undan
is¸lenmesi kolay deg˘ildir. Bu zorluk bir sinyal genis¸letici lojik devresi ile çözülmüs¸tür.
NE555 ve 74LS04 entegre devreleri kullanılarak dizayn edilen bu devre sinyallerin
milisaniye mertebesine genis¸letilmesini sag˘lanmıs¸tır ve bu sinyal Arduino birimine
dijital giris¸ olarak tanıtılmıs¸tır.
Tarama alanı bölgesinde alınan veri kaydedildikten sonra görüntü olus¸turma kodu
gelis¸tirilmis¸ ve veri gri ölçek (0-255) görüntüye dönüs¸türülmüs¸tür. Tarama is¸lemi, veri
algılama as¸amasında tek detektör kullanıldıg˘ından görece uzun sürmektedir. Örneg˘in,
5 cm ×5 cm lik bir tarama alanı, 200 µm adım aralıklarında ve her adımda 1 saniye
beklenilmesi durumunda 17 saat sürmektedir. Tüpün tipik çalıs¸ma voltajı olan 70 kV
tan çok daha düs¸ük 30 kV gerilimlerde ve 5 µA tüp akımlarında çalıs¸ıldıg˘ında, sürenin
uzun olması, anotta önemli sıcaklık artıs¸larına ya da tüpte herhangi bir olumsuzlug˘a
sebep olmamıs¸tır. Bununla beraber uzun çalıs¸ma süresi, tüpe uygulanan voltajda
zamanla meydana gelebilecek deg˘is¸imlerin olasılıg˘ının artırmıs¸tır. Bu durum, görüntü
olus¸turma algoritmasında, ikinci bir detektörle monitöre ettig˘imiz, tüpten direkt gelen
X-ıs¸ınlarının sayımlarındaki deg˘is¸iklikler göz önüne alınarak düzeltme faktörü olarak
eklenmis¸tir.
CEI OX/70-P X-ıs¸ını tüpünden üretilen ve numuneden saçılarak dog˘rultu deg˘is¸tiren
fotonların, olus¸turuls¸an gri ölçek görüntü üzerindeki etkilerini en aza indirmek
için detektörün hemen önüne basit bir kolimatör yerles¸tirilmis¸tir. Kolimatör, 2.5
mm kalınlıg˘ında alüminyum levha üzerinde 1 mm lik delik açılarak olus¸turulmus¸
ve detektörün aktif bölgesinin tam ortasına yerles¸tirilmis¸tir. Böylece X-ıs¸ınlarının
bu delikten geçerek detektöre ulas¸ması sag˘lanacak, numune içerisinde saçılmaya
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ug˘rayarak gelen X-ıs¸ınlarının detektöre ulas¸ması büyük oranda engellenmis¸tir. Tez
konusu kapsamında üretilen X-ıs¸ını görüntüleme cihazı kullanılarak altı farklı
numune için radyografi görüntüleri elde edilmis¸tir. Görüntülerdeki fonun bir biçim
olmayıs¸ı, üretilen X-ıs¸ınlarının s¸iddetindeki küçük deg˘is¸imleri göstermektedir. Bu
deg˘is¸imlerin kaynag˘ının, yüksek gerilim kaynag˘ındaki voltaj dalgalanmaları, tüp
akımını sag˘layan varyak ve izolasyon transformatöründeki akım-voltaj deg˘is¸imleri
gibi etkenler oldug˘u sonucuna varılmıs¸tır. Saatler mertebesindeki uzun görüntüleme
süreleri boyunca, sistem kararlı çalıs¸mıs¸ ancak yine de meydana gelen deg˘is¸iklikler
görüntüyü etkilemis¸tir. Fon düzeltmesi için, donanımsal deg˘is¸iklikler yerine, bir bas¸ka
BPW34 tabanlı detektör birimi kullanılmıs¸tır. Numuneden geçmeden detektöre ulas¸an
X-ıs¸ınlarının s¸iddetinin kaydedilmesi ve görüntü olus¸turma algoritması içerisine
düzeltme faktörü olarak kullanılması sonucunda, fondaki s¸iddet deg˘is¸imleri büyük
oranda ortadan kalkmıs¸tır.
BPW34 Si-PIN fotodiyotlar, tez kapsamındaki görüntüleme çalıs¸malarında kullanılan
X-ıs¸ını enerjilerinde (20-30 keV) düs¸ük verime sahiptir. Is¸ıldayıcı kristal kullanımı,
radyasyon detektörlerinin verimini artırmada kullanılan en önemli etkendir. CsI
kristali bu bag˘lamda, görece düs¸ük maliyeti, üretim kolaylıg˘ı, etkin sinyal olus¸turma
hızı ve duyarlılıg˘ı bakımlarından avantaj sag˘lar ve detektör sistemlerinde yaygın bir
s¸ekilde kullanılır. Tez kapsamında çalıs¸ılan bir dig˘er konu da dikine Bridgman teknig˘i
kullanılarak CsI kristalinin büyütülmesi olmus¸tur.
Üretilen dijital görüntü verisinin birden fazla detektör yardımıyla alındıg˘ı durumda,
tüm detektörlerden aynı anda bilgisayara ya da bir saklama birimine transfer edilmesi
için FPGA birimi ile çalıs¸ılmıs¸tır. Dört BPW34 Si-PIN fotodiyot tabanlı detektör
ünitesi yanyana getirilerek olus¸turulan düzenekteki her bir detektör veri FPGA
yardımıyla bilgisayara aktarılmıs¸ ve detektör sayımları deg˘erlendirilmis¸tir. Is¸ıldayıcı
kristal büyütme ve bunun lineer bir detektör serisine entegre edilip, örneklerin iç
yapısını temsil eden sinyal bilgisinin FPGA birimi ile aktarılması sonucunda dijital
X-ıs¸ını görüntüsü olus¸turma çalıs¸maları, bu tezi bir adım ileriye tas¸ımak için yapılacak
gelecek çalıs¸malar olarak deg˘erlendirilmis¸tir.
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1. INTRODUCTION
Imaging the inner structure of the industrial samples (pipes, close packages, bags,
cables, printed circuit boards, tires, machine parts. . . ) using nuclear techniques is
one of the rapidly growing fields and X-ray digital radiography is one of the most
important methods of modern non-destructive testing. In principle, in radiograpic
methods X-rays or gamma rays are used to produce radiographic image of a sample.
In the radiographic image which is called as radiograph, thickness differences,
surface defacts, inner assembly of the samples can be determined. In addition, the
non-destructive nuclear imaging has important effects on growth in aerospace due
to its capability of detecting micro cracks or defects in planes and rockets. X-ray
digital radiography is capable for visualize and quantify flow or transport processes.
This processes can be occur in heterogeneous, opaque systems like rock slabs, natural
soils or opaque fields. Media thickness can be measured in detail as variations in
the transmitted X-ray intensity with the application of X-ray radiography techniques.
These variations are related directly to the intensity of X-ray absorption at any given
point in considered image domain.
Radiographic imaging techniques used for security purposes have the largest field
of application in nuclear imaging. Especially conventional X-ray radiography is
used in industrial fields as the airports, shopping malls, cargo departments and food
producer companies. Conventional X-ray radiography is an imaging technique that
uses especially X-rays, to determine the inner structure of opaque objects. Generated
X-rays or gamma rays from a tube, radioactive source or accelerator is directed toward
the object to be imaged. The object absorbs some amount of the incident photon
beam depending on its inner contents. The passed photons through the object are
detected by a detector which can be either an analog (X-ray photographic film) or a
digital detector (semiconductor detector). The detector signals are converted to 2D or
3D representation of the inner structure of the objects using detailed electronic and
software. Beside the industrial fields, medical imaging techniques occupy important
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place in human health. The medical imaging modalities are differ with respect to the
area wanted to be imaged in human or animal body.
Large demand and common use of X-ray imaging devices, inspired us to produce a
low-cost X-ray imaging device. The purpose of this thesis is to design, develop and
produce a complete benchtop X-ray imaging system can be used for imaging of small
and light industrial samples. Cost effectiveness, use of local resources, ease of access
and simplicity will be considered for having images with reasonable quality compared
to expensive commercial systems. Current industrial imaging systems use mostly CCD
(Charge Coupled Device), CMOS (Complementary Metal Oxide Semiconductor),
NMOS (N type MOS), SDD (Silicon Drift Detector), flat panel or photodiode array
sensors as radiation detector. In this thesis, silicon PIN (Si-PIN) photodiodes were used
as X-ray detector due to their cost effectiveness, high radiation hardness. Additionally,
our systematic knowledge of having experiences on this photodiode was one of the
main consideration for this choice. Determining the capabilities of these sensors
for imaging of the inner structure of industrial samples are also be targeted in this
thesis. High voltage power supply units have crucial importance in the production
of X-rays and they have complicated electronic components. Within the scope of the
thesis, simplicity, low power consumption and stability are the main goals during the
design and production of the unit. High resolution image demand was not the first
concern but fast image reconstruction was the main consideration. The detector signals
carrying information about the inner structure of the sample need to be digitized and
be processed with proper computer algorithms to obtain an image on the computer
screen. All the data acquisition constituents and the algorithms used for imaging are
unique in this work. Although the imaging algorithms are similar in principle, they
are trade secret and it becomes important to improve the image quality, regarding to
reduce the radiation dose and exposure time. Thus, generating an optimum image
reconstruction code for the proposed imaging system is one of the original aspect of
this work. Usage of the Si-PIN photodiodes in X-ray radiography as an image detector,
collimation studies for better image quality and reducing the dose efforts distinguish
this work from the others. Finally, the X-ray imaging system will be the first complete
system going to be produced by our national sources.
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1.1 Literature Review
Imaging of inner structure of living organisms or industrial samples is an attractive field
for over a hundred years. Beginning from Wilhelm Conrad Röntgen’s effort up to the
present, nuclear imaging studies for the improvement of the image quality have varied
rapidly. The conventional imaging techniques based on absorption of the incident
X-rays within the sample material were used in current studies [5] [6]. In the first years
of the nuclear imaging, the cassette and X-ray films were used as imaging sensors.
Nowadays, semiconductor based sensors have replaced the old cassette technology in
order to get 2D and 3D images with better resolution in shorter time [7] [8].
In Figure 1.1(a), X-ray radiograph of a 8-pin chip is given. This 2D image was obtained
using 22 keV X-rays of a 1µCi 109Cd source and a synchronously moving silicon
strip detector bench [9]. Two-dimensional images were obtained by scanning a lead
collimator with a thin slit. Apparent contrast was obtained due to having different
X-ray absorption coefficients in the sample. In Figure 1.1(b), X-ray image of a snail
shell was shown for the same experimental configuration. Increasing the exposure time
and improving the collimation method would eventually yield better image quality [9].
(a) 8-pin integrated circuit (b) snail shell
Figure 1.1 : Examples of high- and low-contrast images obtained with the double-chip
detector board. Image dimensions (both cases): 10.8×12.8 mm2. The black
horizontal line corresponds to a dead channel.
Both the inner structure of a capacitor and the thickness distribution of an aluminum
can were obtained in another study published on 2004 [10]. Figure 1.2 shows the
instrumental setup with micro X-ray source, X-ray guide tube, X–Y scanning stage,
and an SDD (Silicon Drift Detector). SDD here was an energy dispersive X-ray
spectrometer with a high throughput signal processor for measuring transmission
X-ray spectrum.
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Figure 1.2 : Schematic diagram of energy dispersive transmission X-ray micro-imaging
instrument.
In this work, an X-ray tube with 50 µm focal spot size, Rh anode with 50 kV and 0.6
mA ratings and SDD were secured at a proper position. A sample holder moving on
two axis controlled with a computer and a signal pulse processor was used directly for
counting information in the SDD detector. X-ray image of the top of the can obtained
using this setup is given in Figure 1.3.
Figure 1.3 : Over view of a pull-tab on an aluminum can, left: photo, right: X-ray image.
In Figure 1.4 on the right, the histogram of the number of events with respect to the 2-D
distribution of the transmitted X-ray image were given. X-ray image corresponding to
shaded regions were also given on the left. Consulting the well known Beer-Lambert
law (Equation (1.1)), the variations of the transmitted X-ray intensity was concluded
as inhomogeneity in density, thickness or chemical composition.
I= I0e−µρt (1.1)
Here, µ(cm2/g) is the mass absorption coefficient, ρ(g/cm3) is the density, and t is the
thickness (cm) and I0 corresponds to SDD counts.
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Figure 1.4 : Distribution of the thickness distribution histogram of transmitted X-ray
intensity. Pictures A–C is the image of gray area in the right histogram
As a concluding remark, energy dispersive transmission X-rays spectrum was
considered a powerful tool to measure 2-D composition, density, and thickness of thin
materials non-destructively.
Figure 1.5 shows measured absorption contrast images for a test sample (chicken
wing) obtained with the PILATUS detector (Figure 1.5(a)) and the CCD based
imaging system (Figure 1.5(b)). These two images were obtained using same X-ray
transmission imaging method; the only difference was the detector used [11]. The
PILATUS detector was developed for X-ray diffraction experiments at the Paul
Scherrer Institut [12]. It comprise of 478× 195 silicon sensors having 0.172×0.172
mm2 active area, integrated charge sensitive preamplifier, shaping amplifier and finally
20 bit counter. Ordinarily micro-focus X-ray sources are required in such studies. But
the experiments were carried out on a Seifert ID 3000 X-ray generator operated at 40
kV/25 mA. They used a tungsten (W) line focus tube with a focus size of 8×0.4 mm2.
They have managed to adjust the source size as 8×0.4 mm2 with some inclination
studies on target. By this way, blurring of the image due to the source size was
negligible. Based on the results, they concluded that, the PILATUS detector can very
well be used for X-ray imaging applications. For applications, pixel dimensions of less
than 100 µm, the PILATUS represents an alternative to conventional X-ray imaging
systems. This work had been commercialized in 2006. Currently, a spin-off company
DECTRIS [13] sells the PILATUS module arrays in different configurations.
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(a) (b)
Figure 1.5 : X-ray absorption images of a chicken wing test sample. (a) Results obtained with
the PILATUS pixel detector. (b) Results obtained with the CCD imaging system.
Both images were acquired using the same total exposure time (80 s) and
identical settings on the X-ray generator (40 kV/25 mA).
In an other project supported by CERN, the direct thickness calibration method was
performed to overcome the beam-hardening artifact in X-ray transmission imaging
[14]. In this method, all of the recorded pixel detector signals were linearized using
various of absorbers for stable and same X-ray source for all pixels. As X-ray detector
the digital Medipix-2 [15] device with a 300 µm thick Si sensor was arranged into a
matrix of 256×256 square pixels, 55 µm by 55 µm each. Quality of beam hardening
correction was demonstrated on the radiography of a daisy blossom as in Figure 1.6.
Figure 1.6 : Radiography of daisy blossom. Acquired picture on left. Picture corrected by the
direct thickness calibration method on right. Note that even petal structure is
possible to recognize.
As a result, an experimental system for high resolution digital X-ray transmission
radiography and tomography has been materilized. Quality rontgenograms were
obtained using the direct thickness calibration method which effectively compensates
for the beam hardening effect even on the objects with extremely contrast and
absorption.
X-ray computed tomography (CT) images of some samples were reported using
proper X-ray tube and a rotating sample holder platform in a study published on
2011 [16]. In this study, X-ray fluorescence analysis method was used to obtain CT
images of Iodine and Cerium samples with different concentration. These samples are
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important in radiological imaging. Commercially available full Si-PIN detector system
including preamplifier and shaping amplifier units (Amptek XR-100CR) were used to
obtain the spectra. At a tube voltage of 52 kV, the Bremsstrahlung peak energy was
approximately 20 keV as shown in Figure 1.7.
Figure 1.7 : X-ray spectra used for tomography measured using Si detector and filter.
38.3 − 40.3 and 40.3 − 42.4 keV energy regions of the spectrum were used to
reconstruct the CT images of the Cerium and Iodine samples respectively. This
energy-discriminated X-ray computed tomography images are obtained with 52 kV
X-ray tube voltage, assuming that the maximum detector count as black and minimum
as white in 0-255 scale. The resulting images of a Cerium injected mouse and
experimental setup were given in Figure 1.8. Compared with a CdTe detector, the
Si detector was remarked as having extremely high-energy resolution. However, the
count rate of the Si detector was measured low at a constant tube voltage and tube
current. Small diameter of lead pinhole also resulted low count rate and high-energy
X-ray photons pessed the Si detector without any interaction. They concluded that
decreasing the scanning angle would result higher image resolution.
Another work [17] reports the analysis of two sacred images using X-ray Radiography
(XR) and Energy Dispersive X-Ray Fluorescence (EDXRF). The objective of the work
was to evaluate the general conditions of the sculptures, identifying possible problems
and internal damages in order to assist its restoration procedures. The experimental
setup used in the X-ray Radiography consisted of two distinct X-ray sources. In the
radiographic images of the Saint Sebastian statue (Figure 1.9), A Siemens source was
used at a voltage of 60 kV and a current of 30 mA, with an exposure time of 15 s. The
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(a) (b)
Figure 1.8 : (a) Experimental setup of energy-discrimination X-ray CT system, (b) Cerium
K-edge tomography of cancer in a nude mouse.
second source (Oxford) with a voltage of 50 kV, a current of 0.2 mA and a exposure
time of 600 s was used for the other sculpture.
Figure 1.9 : Sculptures of Saint Sebastian (left) and Our Lady of the Conception (right)
during EDXRF analyses.
A portable computed radiography scanner GE CR50P, with a pixel size of 50 µm, and
a Fuji IP detector (430× 350 mm) were also used in this setup. The IP was fixed in
a support behind the sculptures to have radiographs of them. Finally, the radiographs
were obtained for each region of the sculptures by means of appropriate software. In
the radiographic images of the Saint Sebastian statue and Our Lady of Conception
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(Figure 1.10), it is possible to observe the manufacturing process of the sculptures and
its conservation conditions.
Figure 1.10 : Radiographic images of the sculptures.
Si photodiodes are used in a wide range of applications covering medical, industrial,
optical communication and scientific measurements. Types and specifications of
photodiodes differ depending on fields of usage. Si photodiodes are preferable
in general photometry applications due to their high sensitivity and low noise
characteristics in the visible range. They are applicable for photon detection
applications between UV and near infrared range if they are produced with special
processes in their fabrication stage.
Si-PIN photodiodes differ from Si photodiodes with their broader intrinsic (depletion)
layer. Broad intrinsic layer helps Si-PIN diodes having high-speed response and lower
dark current when they are used with reverse bias mode. Reverse bias expands the
intrinsic layer and the charge carries generated by external radiation substantially
occur in this region. Due to the number of the charge carries generated outside of
the intrinsic layer is small, the terminal capacitance of the Si-PIN photodiode is also
small and the response time is fast (10 MHz cutoff frequency or more). With these
features, Si-PIN diodes are suitable for applications requiring high-speed response
like optical communication and fiber optic light power meters. In addition to this,
BPW-34 Si-PIN diodes used in this thesis were investigated for being used as neutron
and proton monitoring sensors in high particle fluence [18] [19] [20] in the LHC
experiment at CERN. BPW-34 Si-PIN diodes were decided to be used since they
allowed measurements with high sensitivity and over high-fluence neutron flux in
LHC.
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The method we have used in this study, direct detection of the X-rays with silicon
PIN photodiodes, is unusual for imaging studies. Silicon photodiodes can effectively
detect X-ray photons at 30 keV energy or below directly with very low efficiency. In
this energy range, dominant signal creation mechanism is photoelectric effect and the
incident photons transfer all their energies to electrons in silicon material. Therefore
photon interactions are converted to signal by absorption of electrons within the lattice.
Above 30 keV photon energy, Compton scattering dominates and the signal creation
mechanism becomes much more complicated since only some fraction of photon
energy is converted to signal. In Figure 1.11, it is shown that photoelectric effect and
Compton scattering are the main signal generation mechanisms for different silicon
thicknesses [21].
Figure 1.11 : Direct detection probabilities of X-ray photons in Si photodiodes.
BPW-34 Si-PIN photodiode has a thickness of 210 µm silicon substrate. The range
of electrons generated by external radiation in the silicon substrate is approximately 1
µm at 10 keV and 60 µm at 100 keV. Assuming the photons transfer all their energy to
atomic electrons of silicon, the thickness of BPW-34 photodiode is sufficient to detect
X-ray photons directly up to 100 keV. The X-ray photon energy region adjusted to be
20-30 keV in this thesis work. Most of the incident photons pass through the BPW-34
active area without any interaction. To give a number, only 20% of the incident
photons with 20 keV energy is absorbed in 200 µm silicon. Therefore, direct detection
of the photons is inefficient. However, the radiographs taken with BPW-34 Si-PIN
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photodiodes showed that, non homogeneity of the objects can be clearly identified
with X-ray photons up to 30 keV. Due to main signal creation mechanism is the
photoelectric effect in this energy range, signals produced from the photons as a result
of Compton scatterings were eliminated substantially. The absence of the scintillator
layer in front of the photodiode reduces the system cost but increases the imaging time
due to insufficient detection efficiency. For that reason, we pay the price by extending
the imaging time. Two seconds counting time at each scan position is relatively long
compared to commercial imaging systems. On the other hand, when considering the
operation with low tube voltages (20-30 kV) and extremely low tube currents (50-300
µA) and the most importantly reducing the total cost under 1000 USD, the scanning
time becomes non disturbing.
The mixed signals generated by photoelectric effect and Compton scattering
give insufficient information for the reconstructed images. When these signals
reach detector together, they result reduction of contrast in reconstructed image.
Measurement of the transmitted photons with two different energy region permit the
separation of the photoelectric and Compton signals and this information can be used
to determine material thickness for homogenous samples or contrast differences in
heterogeneous samples. For example, in the buggage inspection systems, silicon
photodiode arrays are used with a suitable scintillator to convert the X-ray photons
into visible light. The dual energy X-ray imaging modality is used for imaging inside
of the luggages. In this imaging modality, two identical silicon photodiode arrays are
used on top of each other. The photodiode array closer to X-ray source detects low
energy photons where the other one detects high energy photons (Figure 1.12 [21]).
By this method, two signal generation mechanisms are separated from each other
and an algorithm combines the two different signals to get radiograph of the sample.
The imaging systems based on dual energy X-ray imaging principle, generally use
X-ray photons with energy range of 150-200 keV. Thus, a suitable scintillator has to
be coupled to the photodiodes to convert the incident X-rays to photons with proper
wavelength. Generally, a thinner scintillator is used for the top photodiode arrays and
thicker one for the bottom photodiode arrays.
At the low energy level from 0.5 keV to 20 keV, Charge Coupled Device (CCD) is
developed for X-ray imaging and spectroscopy, crystal analysis, X-ray astronomy and
plasma analysis purposes. Although the direct detection of X-ray is possible up to
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10 keV X-ray energy with the requirement of thick depletion layer, Thallium doped
Cesium Iodide CsI(Tl), gadolinium oxysulfide (GOS) scintillators are used with fiber
optic plates (FOP) for higher photon energies. The CCD image sensors are used with
scintillator and FOP together, called as CCD with FOS. The main disadvantage of this
sensors is the radiation damage on the photosensitive area. However, there is a FOS
layer on CCD’s active area, when the incident X-ray reach the CCD surface it causes
noise and this not only reduce energy resolution but also results some white spots on
the generated image. The image resolution of this sensor is mainly determined by
pixel size, scintillator specifications and gap between CCD chip and FOP. The signal
charge is generated when incident photons create electron-hole pairs in semiconductor
structure of CCD image sensor. Although the CCDs are essentially semiconductor
devices, transforming of charge signal to voltage output stage is different from other
image sensors. The signal charge is packed in to a potential well which is generated
by supplying one of the multiple electrodes different voltages, then it is sequentially
transferred through semiconductor toward the output stage. The major factors that
degrades energy resolution of CCDs are the charge transfer process and the readout
noise. CCD imaging sensors have to be fabricated in micrometer size active pixels and
sufficiently cooled down to improve energy resolution. All of these requirements make
the imaging systems operated by CCD image sensors complicated and expensive even
in image reconstruction algorithm and fabrication. The most important disadvantage
of the CCD type X-ray imaging sensors in the market is the dead pixels. If some of the
pixels are damaged in an 1500 × 1000 pixel array CCD X-ray image sensor, it is not
possible to replace the dead pixel separately. Due to the high radiation hardness of the
BPW-34 Si-PIN photodiodes which were used in this thesis, damaging probability of
them caused by intense X-ray photons is quite low.
There are various ways to describe the image resolution. The number of pixels which
are the smallest element in digital image is not an indicator of resolution if the size
of the image is not given. Spatial resolution is a measure of how small objects can
be distinguishable in digital radiographs (DR) and usually given in terms of pixels per
mm, dots per inch (dpi), pixels per inch (ppi) or line pairs per mm (lp/mm). In chapter
three the spatial resolutions of all of the radiographs were given in the unit of ppi. The
ppi unit was calculated as follows. We determined the numbers of pixel column in the
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full width of the radiograph. Then the column number was normalised to one inch to
have the pixel number per inch.
Figure 1.12 : Dual energy X-ray imaging setup.
1.2 X-ray Interaction with Matter
X-ray radiation can be represented as the photons having energy range of 100 eV
to 150 keV. Although the limits are not well defined, it is convenient to describe
the photons with energies above 10 keV as hard X-rays and less energies as soft
X-rays. In a material, some of the X-rays will be absorbed, and some scattered; if
neither process occurs, the X-rays will be transmitted through the material. A certain
fraction of X-rays pass straight through the material and undergo no interactions with
matter. These X-rays are referred as primary radiation. The scattered X-rays alter
their trajectories between source and detector. Such X-rays are described as secondary
radiation. Finally, X-rays can be absorbed completely in medium and can not reach the
detector at all. These process constitute absorbed radiation. In the X-ray energy range
(20-150 keV) used for radiology, three dominant mechanisms describe the interaction
of X-rays with tissue. Rayleigh (also called as coherent or elastic) and Compton
scatterings are both involved with the production of secondary radiation, whereas
photoelectric interactions result in X-ray absorption. The strength of these interactions
depend on the energy of X-rays and elemental composition of material.
1.2.1 Rayleigh scattering
Rayleigh scattering represents a non ionizing interaction between X-rays and matter.
X-ray energy is converted into harmonic motions of the electrons in atom. Then
atom re-radiates this energy in a random direction. Therefore, this scattering not only
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reduces the number of X-rays reaching the detector, but also alters the trajectories of
X-ray photons between source and detector. The probability of a Rayleigh scattering
event is given by;
PRayleigh ∝
Z 8/3e f f
E 2
(1.2)
where E is the energy of the incident X-rays and Ze f f is the effective atomic number of
the medium. Effective atomic number is the average atomic number for a compound
or mixture of materials.
1.2.2 Compton scattering
In Compton scattering the photon collides with a loosely bound electron in an outer
shell of an atom. A fraction of the X-ray energy is transferred to the electron and the
photon scatter to a different direction with a deflection angle. With the transferred
energy from the photon, the electron is ejected from its orbit. The fractional energy
loss of low energy photons is small since the scattering is nearly elastic, but becomes
appreciable at higher energies. If the angle of deflection is relatively small, then the
scattered X-ray has a similar energy to that of the incident X-ray and has sufficient
energy to pass through the material and can be detected. The probability of an
X-ray undergoing Compton scattering is essentially independent of the effective atomic
number of the medium, but it is linearly proportional to the electron density of the
medium and is weakly dependent on the energy of the incident X-ray. The weak
dependence of the probability of Compton scattering on the incident X-ray energy
means that Compton scattering is the dominant interaction at high energies, resulting
poor image contrast.
1.2.3 The photoelectric effect
The Photoelectric Effect has fundamental importance in radiography since it is the
primary method by which contrast is developed in radiographs. An incoming X-ray
collides with a tightly bound K-shell electron (or L-shell) of the medium atoms and is
totally absorbed. This collision and energy transfer causes the electron to be ejected
from its shell and it is called as photo electron. The resultant vacancy in the K-shell
(or L-shell) can be filled by an electron from another shell. This transition generates
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characteristic K-fluorescent (or L-fluorescent) X-ray. This characteristic X-ray has
very low energy and is absorbed within a short distance in medium. For example,
the 4 keV characteristic photon from a photoelectric interaction with a calcium atom
in bone only travels about 0.1 mm in tissue. The net result of the photoelectric
effect in tissue is that the incident X-ray is completely absorbed and does not reach
the detector. This process is important for imaging. Because photoelectric effect is
main absorption process which constitute the attenuation of X-ray intensity. Above the
energies of the incident X-rays higher than the binding energy of the inner K electrons,
the photoelectric interaction probability is given by;
PPe ∝
Z 3e f f
E 3
(1.3)
Equation (1.3) reveals that, materials having different atomic number gives excellent
contrast in the low energy range. This equation and Figure 1.13 also shows that
photoelectric attenuation of X-rays drops off very rapidly as a function of the incident
X-ray energy.
Figure 1.13 : The relative importance of various processes of electromagnetic radiation
interaction with matter [1].
1.3 X-ray Tubes
All the X-ray imaging systems have two main parts: X-ray source including high
voltage unit and image detector unit. Production of the X-rays with a certain energy
and flux is directly related with X-ray tube as a source and high voltage applied on it.
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Although the basic design has changed little since the discovery of X-rays by Wilhelm
Conrad Röntgen in 1900s, there have been significant advances and improvements in
the last decades about designing more efficient X-ray sources based on X-ray vacuum
tubes. The most practical and effective way to produce X-rays for industrial imaging
is using X-ray vacuum tubes. Anode and cathode are the main components of an
X-ray tube. The cathode acts as an electron source and consists of a filament of
especially tungsten wire coiled to form a spiral. The negatively charged electrons exist
inside positive nuclei of cathode in normal conditions. The required energy to free the
electrons is called the work function of the metal. An electric current from a power
source passes through the cathode, causing it to heat up and remove electrons from
the cathode material. At the cathode temperature of approximatelly 2200◦C, tungsten
atoms release a small amount of electrons away from its metalic surface. This process
is called as thermionic emission. Where direct heating up of tungsten cathode is called
as direct hot cathode operation mode of the tube. In the indirect hot cathode tube
mode, the filament is not the cathode but rather heats a separate cathode consisting of a
sheet metal cylinder surrounding the filament which then emits electrons. Indirect hot
cathodes mode provide to isolate the rest of the vacuum tube from the electric potential
across the filament.
X-ray tubes can also be operated in cold cathode mode. A cold cathode tube is
not electrically heated by a filament, due to it emits more electrons than can be
supplied by thermionic emission alone. Cold cathode tubes are used in neon lamps,
discharge tubes, and some types of vacuum tube and rarely used in X-ray generation. A
schematic view of an X-ray tube is given in Figure 1.14. The electron cloud generated
around the filament is accelerated towards the anode by the electrical field formed by
applying positively high voltage between anode and cathode. The geometry of X-ray
beam to be generated by striking the electrons to anode depend directly the spatial
distribution of the accelerated electrons.
Accelerating the beam of electrons to strike the surface of a metal target called anode,
causes the production of X-rays. Most of the energy used in the production of X-rays
is converted into heat in the target. A small fraction is typically converted into
X-radiation. At the anode, electrons penetrate a few tens of micrometers into the anode
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Figure 1.14 : A schematic of an X-ray source used for dental imaging. [2].
material and lose their kinetic energy resulting to produce X-rays via Bremsstrahlung
(breaking radiation) or characteristic radiation processes.
Bremsstrahlung radiation occurs when an electron passes close to the anode nucleus
and is deflected by the attractive Coulomb force of the positively charged nucleus. This
attracted electron lose its kinetic energy and this energy is emitted as an X-ray photon.
Electrons lose their energy partially depending on their position near the anode atoms.
This reason causes that, the emitted X-rays exhibit continuous energy spectrum. The
maximum energy Emax of X-rays created by this process corresponds to a situation in
which the entire kinetic energy of the electron is transformed into a single X-ray. The
value of Emax (in units of keV) corresponds to the value of the accelerating voltage
kVp. Bremsstrahlung radiation is characterized by a linear decrease in X-ray intensity
with increasing X-ray energy and the efficiency of the process is given by;
η = k(kVp)Z (1.4)
where k is a constant (with a value of 1.1x10−9 for tungsten) and Z is the atomic
number of the target metal. If the incomming electrons have sufficient energy, they
can eject an electron out of an inner shell of the target anode atoms. Then the
formed vacancy is filled by the electrons from higher states resulting the emission of
characteristic X-ray photons. In Figure 1.15, energy spectrum of a typical X-ray tube
is shown which consists a continuous energy spectrum due to Bremsstrahlung effect
and two sharp peaks due to the photoelectric effect.
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Figure 1.15 : The relative importance of various processes of electromagnetic radiation
interaction with matter [1].
1.3.1 Tube voltage and current
The operating voltage of the tube depends on the particular application. The desired
value is generated from an alternating voltage multiplier and rectified at the end.
Maximum value of the voltage difference applied between anode and cathode is given
by kilovolts peak (kVp) value.
At the value of approximately 1/2 or 1/3 of the kilovolt peak value, Bremsstrahlung
energy spectrum occurs. Figure 1.16(a) shows the simulated Bremsstrahlung spectra
of an X-ray tube for different kilovolt peak values. Figure 1.16(b) shows the spectrum
of a CEI OX/70-P dentist X-ray tube used for our experimental setup. Two sharp peaks
are the La1 and Lb1 peaks of the 205Pb isotope.
(a) (b)
Figure 1.16 : a) Simulated X-ray spectra at 350, 400 and 450 kV and their comparison with
the measured spectra [3] b) CEI OX-70 X-ray spectra at 20 and 38 kV tube
voltages.
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In the first place, it is required to generate a narrow, uniform beam of electrons in order
to achieve an image with high spatial resolution. Therefore, a negatively charged,
generally C shaped focusing cup is placed around the cathode to piece the electrons
together. The larger the negative potential applied to the cup, the narrower is the
electron beam.
As shown in Figure 1.14, the anode is inclined, typically at an angle of 5◦− 20◦, in
order to produce a small effective focal spot size, reducing the unsharpness of the
X-ray image. The relationship between the actual focal spot size F and the effective
focal spot size f is given by;
f = F sin(θ) (1.5)
The effective focal spot size can also be controlled by increasing or decreasing the
value of the negative charge applied to the focusing cup of the cathode. Conventional
X-ray tubes have effective focal spot sizes in the range between 4× 4 mm and 1× 1
mm.
There are fine-focus tubes with focal spot from 0.5 mm × 0.5 mm and micro-focus
tubes down to 50 µm diameter or even less. All of the components of X-ray tube
systems are contained within an evacuated vessel approximately in 107 atm. The
enclosure is generally made from glass, but more recently glass has been replaced
by a combination of metal and ceramic. The major disadvantage of glass is vapor from
both the cathode filament and the anode target deposits, on the inner surface of the
vessel, causing electrical arcing and reducing the life of the tube. The evacuated vessel
is surrounded by oil for both cooling and electrical isolation purposes.
The number of electrons per second that travel from the cathode filament to the
anode, is defined as the tube current of an X-ray tube. The intensity of the X-ray
is proportional to the tube current. Typical values of the tube current are between
50 mA and 3 A for radiography in medical imaging and up to 15− 200 mA in
industrial imaging. This is the main difference in the X-ray tubes used for different
area. In medical imaging devices, X-rays are applied to patient about milliseconds
for preventing the image artifacts caused by moving parts. In this case, the tube
current is in several amper levels. For example 80 kV tube voltage and 1.25 A tube
current values is applied to the patient for 0.1 s for a dental radiography [22]. Beside
this, some historical sculpture scanning studies were performed in the tube voltage
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of 50− 70 kV and 100µA tube current conditions for 15 minutes [23]. In industrial
imaging, the tubes are designed to operate at voltages of 100 kV up to 10 MV and a
tube current of up to 20 mA in order to run the tubes for long operations [24]. The
most important factor for the limitations of tube current is anode heating. In high tube
current applications, rotating anode tubes are used to cool down the anode.
The intensity I of the X-ray beam is defined to be the power per unit area and has units
of joules/m2. The beam power depends upon two factors; tube current and the energy
of the X-ray beam which is proportional to the square of the accelerating voltage of
electrons. Therefore, the intensity of the X-ray beam can be expressed as;
I ∝ (mA)(kVp 2) (1.6)
The phenomena called as heel effect which describes the nonuniformity in the beam
intensity effects the beam quality negatively. As shown in Figure 1.17 the absorption
of the X-ray photon is much more at the anode side due to the greater photons travel in
the anode material it takes. As a result, intensity of the beam is reduced with respect
to cathode side. Any increase in the incline angle of anode,can be used to reduce the
magnitude of the heel effect, but this also increases the effective focal spot size.
Figure 1.17 : Heel effect in X-ray tube.
Incident beam as X-ray photons, passing through the matter, either interact with the
parts of the matter or pass unaffectedly. Some of the interactions remove the photons
from the beam through scattering or absorption. The loss of photons can be called as
attenuation. The absorbed beam intensity (dI/I) is proportional to the path length (dz)
in the matter as in Equation (1.7)
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dI
I
=−µ×dz (1.7)
where µ is the linear attenuation (or absorption) coefficient. It is assumed in Equation
(1.7) that the direction of the photon has only one dimension and the negative sign is
required because there is a decrease in intensity. If integration is performed,∫ dI
I(z)
=
∫
µdzI = I0e−µz (1.8)
If the material is heterogeneous, the formula differs as;
I = I0e−
∫
µ(z)dzdE (1.9)
where E is the energy and I0(E) is the spectrum of the X-ray source.
1.4 High Voltage Power Supplies for X-ray Tubes
For obtaining images based on X-ray, both capturing images on photographic films and
computer radiography technology are inseparable from the support of high voltage
power supply (HVPS). An X-ray imaging system uses an X-ray tube that requires
a controllable high voltage source. To view inside of the samples with different
coefficients of X-ray absorption, the energy of the X-ray photons should be increased.
All of the commercially available high voltage units have adjustable current and
kilovolt control. The main difficulties are stabilizing the filament current, cooling the
tube and isolating the area of the high voltage. The intensity of the X-rays can be
controlled via the tube current. Tube current of an X-ray source is defined in terms
of the number of electrons per second that travel from the cathode to the anode. The
power supply converts the electrical energy provided by the power outlet into high
voltage power regime to operate the X-ray tube. This is accomplished by imposing
high voltage between the negative cathode and the positive anode of the tube. The two
principal components in a basic HVPS are the transformer and the rectifier. A variable
transformer is used in the first stage to change the voltage that is applied to a step-up
transformer in the second stage. The secondary of the high voltage transformer carries
high voltage, ranging in kilovolts and relatively low current (miliampere or rarely
several ampere levels). The second principal component of an HVPS is the rectifier
that is used for rectifing the stepped up high voltage. In "self-rectified" rectification
circuit, the X-ray tube acts as a rectifier, because it allows current to flow only when
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the cathode is negative and the anode is positive. While this is a simple and inexpensive
method, it is clearly ineffective because half of the electrical power is not used. In the
next level of HVPS circuit, a full-wave rectifier is placed between the secondary of the
step-up transformer and the X-ray tube. Cables with special isolation must be used
especially between end of the cascade unit and the X-ray tube. The next improvement
can be obtained in HVPS waveform when three-phase AC power is used. In principle,
three full-wave rectified circuits are connected to three-phase AC power, with the
output of all circuits going to the X-ray tube. Improvements in power electronics
enable the high frequency signal usage in HVPS. High frequencies are generated by an
electronic oscillator, which are then applied to a power converter. The frequencies used
in high-frequency X-ray generators are in the range of 3 kHz to as high as 100 kHz.
The efficiency of transformers at these frequencies is much greater than the one the
mains frequency. An important result does not have to be as large as the conventional
single or three-phase transformer.
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2. BENCHTOP IMAGING SYSTEM AND ITS COMPONENTS
Nondestructive testing equipment and imaging systems have similar structure. There
is an ionizing radiation source where the incident radiation is produced. The second
main part is the detector where the attenuated radiation is recorded between source and
detector.
The imaging system designed in this thesis has three main parts; a HVPS, a small
size (8× 3 cm CEI OX/70-P) dentist X-ray tube and 4× 4 mm2 Si-PIN (BPW-34)
photodiode. The tube does not require cooling due to the low current demand of the
system. Cylindrical shaped, lead shield is used to keep the distribution of the X-rays,
only in the source-detector direction. The shield has three openings: two of them are
at the top and at the bottom where the high voltage cables are connected to anode and
cathode together with the filament supply cables.
The detector is the only moving part of the system. A single BPW-34 Si-PIN detector
was secured on a two dimensional position control unit for moving the detector in
small steps to measure the intensity of X-rays absorbed in the object to be imaged.
The sample is always kept between the source and the detector, closer to the detector
in order to minimize imaging artifacts. The components were given in Figure 2.1 and
they were explained in details in the next sections.
Intensity monitor
Computer
FPGA Unit
X-ray
source
Detector
_+
HV Unit
   Filament
power supply
Motor
drivers
Figure 2.1 : Sketch of benchtop X-ray imaging system.
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2.1 Design of High Voltage Power Supply
Stable anode voltage and the filament current/voltage are the main requirements that
affect the stability of X-ray intensity. Most of the commercial power supply units
Figure 2.2 : Simplified schematic diagram of a high voltage power supply.
use complicated, resonant drivers, current limiting circuits, close loop filament control
units to achieve highly reliable, low noise, low ripple and accurate outputs [2].
Figure 2.2 shows a standard high voltage power supply unit from market leading
cooperation Spellman High Voltage [25]. Input voltage source may have wide range
of choices, frequency range between 40 Hz and 400 kHz and voltage range between
24 VAC and 480 VAC. The input filter stage is the first part that provides conditioning
of the input voltage source. Filtering and rectifying of the AC and DC source are
the usual processes in this conditioning. The system designed and constructed in this
thesis, is capable of giving radiographic images of the personal belongings such as
hand bags, wallets, mobile phones or watches. In addition to these, the radiographic
images of some industrial materials which do not require high energy X-rays, can be
obtain using this imaging system. All high voltage units of imaging systems have
spacial characteristics and properties but all of them require stable high voltage and
current. It requires to use a conventional high voltage device baed on the specs of the
tube when an X-ray tube is choosen as an X-ray source. The design and production
studies on high voltage power supply of the imaging system were splitted to two parts.
2X2A rectifier tubes were studied as an alternative X-ray source due to their low cost
and availability. In the second part, the dentist CEI OX/70-P X-ray tube was studied.
Thus, independent high voltage power supply design and production procedures were
followed.
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2.1.1 Design for 2X2A rectifier tube
Flyback transformers are the most practical devices to obtain 10-40 kV high voltage
and 1-15 mA current. They have very low primary/secondary ratio and low
primary inductance. High current requirement of flyback transformers due to its low
inductance, can be overcame by driving them with high frequency (5-15 kHz). The
flyback driver unit is simply a switching circuit comprising of quality MOSFETs.
This MOSFETs draw high currents (10-20 A) and have to be cooled. When cooling
of MOSFETs is not adequate they can easily blows up. The other deficiency of the
flyback transformer is to be required a high quality ferrite core to transfer the magnetic
flux. Magnetic flux needs a proper medium to travel between primary and secondary
windings. The new style flyback transformers make possible to obtain DC high voltage
thank to have an embeded rectifier in them. The old flyback transformers have no
rectifier and they are rarely used. Figure 2.3 shows types of the old and new types of
the flyback transformers.
(a) (b)
Figure 2.3 : a) Old type of flyback transformer b) New type of transformer which is
experienced in designing high voltage power supply.
New style flyback transformers have eight or more different voltage value pin outs.
Although these pin outs have kilovolt order high voltage, one of them is the main
high voltage out. In that reason, high voltage pin out and the main ground must be
experimentally determined before starting to use the transformer. On the fist attempt a
flyback driver circuit was designed to drive a new style flyback transformer aiming to
produce 70 kV, 1 mA power. SG3525 pulse width modulation (PWM) control circuit
was designed according to output signal frequency can be calculated from Equation
(2.1) to make possible to adjust the frequency of the flyback transformer driving signal.
f =
1
CT (0.7RT +3RD)
(2.1)
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Figure 2.4 : Circuit diagram of pulse width modulation driver for flyback transformer.
Figure 2.5 : Produced PWM unit for flyback transformer.
A PWM device encodes an analog signal to the corresponding digital signal briefly. In
case of working with heat dissipating circuits like high voltage power supplies, PWM
based circuits provide some advantages. The main advantage is that the low power
loss in the PWM switching devices. Thanks to duty cycle properties of the PWM,
instead of always being power-on mode, the driven load remains power-off mode at
certain time during the operating time and this also minimizes the heat dissipating. In
order to reduce the current draw from the driving MOSFETs, the circuit is designed as
a push-pull mode and heat sinks were used for cooling them (Figure 2.4). Calculated
frequency forCT=10 nF, RT=10 kΩ, RD = 500Ω is 11.76 kHz. The observed frequency
at the primary winding of the transformer was 6.1 kHz due to operation in push-pull
mode effectively giving the half of the calculated frequency value.
Figure 2.5 shows the designed and produced form of the PWM unit. A proper fan
is also mounted to the heat sink shown in the figure. The developed PWM unit was
capable of changing the frequency of the output signal.
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Figure 2.6 : Spark generated with flyback transformer for 2X2A rectifier tube without load.
After producing the PWM unit, a simple DC power supply shown in the PWM circuit
diagram was produced and high voltage output terminals are connected to the flyback
transformer. Since the MOSFETs on the PWM unit draw high current (5-10 A), the
power supply is designed according to this requirement as providing 5 A and 12 V.
Terminals of the flyback transformer are so close to each other. In order to prevent
the electric spark, flyback transformer is immersed in mineral oil. The simplest way
of determining the produced high voltage is by measuring the spark length generated.
The relationship between high voltage value and the maximum spark length depends
on the electrode shapes, medium, pressure and humidity. A practical data were given in
the The CRC Handbook of Chemistry and Physics (62nd edition), relate high voltage
and spark length in air for standard ambient temperature and pressure.
The spark generated by the setup comprising flyback transformer, PWM driver and
DC power supply was shown in Figure 2.6. and the spark length was 3.5 cm in that
condition. Corresponding high voltage value is estimated between 35-40 kV with
respect to the Table 2.1. Increasing the power supply feeding voltage caused the sparks
in the flyback transformer. To fully test a high voltage power supply, it is necessary
to draw current from the supply into a load. Occasionally, the connection to load can
adversely affect the performance of the power supply.
An alternative device as X-ray source was chosen to be the 2X2A rectifier tube to
generate X-ray. The 2X2A is a high voltage rectifier tube. Beside, it emits X-ray when
supplied with a sufficiently high voltage. To connect the 2X2A rectifier tube as load,
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Table 2.1 : Maximum spark length[cm] between spherical electrodes in dry air at normal
conditions.
Upeak Diameter[cm]
[kV] 2.5 5 10 25 Needle
5 0.13 0.15 0.15 0.16 0.42
10 0.27 0.29 0.30 0.32 0.85
15 0.42 0.44 0.46 0.48 1.30
20 0.58 0.60 0.62 0.64 1.75
25 0.76 0.77 0.78 0.81 2.20
30 0.95 0.94 0.95 0.98 2.69
35 1.17 1.12 1.12 1.15 2.69
40 1.41 1.30 1.29 1.32 3.81
45 1.68 1.50 1.47 1.49 4.49
50 2.00 1.71 1.65 1.66 5.20
60 2.82 2.17 2.02 2.01 6.81
70 4.05 2.68 2.42 2.37 8.81
80 3.26 2.84 2.74 11.1
90 3.94 3.28 3.11 13.3
100 4.77 3.75 3.49 15.5
110 5.79 4.25 3.88 17.7
120 7.07 4.78 4.28 19.8
130 5.35 4.69 22.0
140 5.97 5.10 24.1
150 6.64 5.52 26.1
160 7.37 5.95 28.1
170 8.16 6.39 30.1
180 9.03 6.84 32.0
190 10.0 7.30 33.9
200 11.1 7.76 35.7
210 12.3 8.24 37.6
220 13.7 8.73 39.5
230 15.3 9.24 41.4
240 9.76 43.4
250 10.3 45.2
350 13.3 54.7
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Figure 2.7 : 2X2A rectifier tube setup.
caused a voltage drop on the power supply as expected. The maximum spark length
was observed at 11 V and 2.55 A power supply values and 6.1 kHz for PWM unit.
After mounting the 2X2A tubes, the current and voltage values changed as 2.09A and
9.1V respectively at the same conditions. This voltage corresponds to 30 kV and 0.6
mA tube voltage and current respectively. Figure 2.7 shows the two 2X2A rectifier
tubes which are mounted on the PWM and power supply unit. Tubes are electrically
isolated and shielded by 5 cm thick lead bricks in order to provide the radiation safety.
The optimum driving frequency of the flyback transformer was determined using
Geiger Muller detector counts. Fixing the driving voltage to 9.1V which is the safest
working voltage value without any spark in the tubes, the frequency was changed from
low frequency threshold where detector record counts, up to the maximum frequency
value where the discharges were encountered in the tubes. The optimum frequency
was observed to be 6.4 kHz as shown in Figure 2.8(a). Increasing the frequency
caused abrupt voltage drops on tubes, sparks in flyback transformer and discharges
in the tubes. Determined optimum frequency of the PWM corresponds 25 kV tube
voltage. The high voltage measurements are performed by RSR HVP40 high voltage
probe having 1000MΩ input impedance.
After determining the optimum driving frequency, detector counts are examined with
respect to power applied to the tubes. As shown in Figure 2.8(b) increasing the power
10 to 26 W, detector counts also increased. After 26 W power value, counts were
tended to be stable. This limit can be considered as the highest operating power of
the tubes. But operating at limit power values, sparks between flyback transformer
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(a) (b)
Figure 2.8 : a) Optimum driving frequency of PWM unit for flyback transformer and 2X2A
tubes. b) Geiger Muller detector counts of the 2X2A rectifier tubes which are
driven at optimum frequency.
Figure 2.9 : 2X2A rectifier tubes on high voltage after two minutes.
pin outs, discharges in the tubes and current returns to mains line were observed.
The biggest challenge encountered while working with flyback transformer was the
closer distances between the output terminals of the flyback transformer. Although
the electrical isolation of the outer pin outs is achieved by mineral oil and insulator
paste, at the high voltage values as 40 kV, we encountered inner sparks of the flyback
transformer and this sparks causes to damage to the transformer and the tubes.
Although, this adverse effects can be achieved by reducing the power supplied from
transformer, the overheating of the 2X2A tubes cap while operating more than two
minutes and the discharges into the tubes shown in Figure 2.9 could not be overcame.
These circumstances did not allow us to work at high power values. For this reason,
the counting stability of the 2X2A tubes in time are examined at relatively safe power.
The value was chosen to be 12 W and the operating time for 2X2A tubes setup was
15 minutes. We modified the Geiger Muller counters readout card for collecting
the counting data. The counter gives only the corresponding voltage values to the
radiation. To collect and observe the time dependence of the radiation produced
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Figure 2.10 : Geiger Muller counts of the 2X2A tubes on 12 W power and 15 kV high
voltage.
(a) (b)
Figure 2.11 : a) CEI OX/70-P dental tube b) Dimensions of the CEI OX/70-P dental tube.
from the tubes, DATAQ DI-149 USB data acquisition kit and Windaq data acquisition
recording and playback software was used. The voltage values detected from the
Geiger Muller counter are used as an input signal of DATAQ. Figure 2.10 shows the
counts collected for 15 minutes of the 2X2A tubes on 12 W power and 15 kV high
voltage. The counts were fluctuate and the discharges in the tubes were observed after
five minutes later from the beginning of the experiment. This situation proves that the
X-ray produced from 2X2A tubes is not stable in statistically and the tubes are not
suitable to use as an X-ray source.
2.1.2 Design for CEI OX/70-P dental tube
As a result of the design studies on 2X2A rectifier tube power supply, required high
voltage is generated by using Willard cascade voltage multiplication method for CEI
OX/70-P dentist tube as the source. CEI OX/70-P tube is a dental tube having tungsten
anode, 0.8 mm focal spot size, maximum operating voltage of 80 kV. The reason of
usage of this tube is that the convenience of symmetric feeding and its small size shown
in Figure 2.11.
Willard cascade voltage multipliers are simple circuits made from diodes and
capacitors that can increase the input voltage by desired value. The voltage
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Figure 2.12 : Villard cascade multiplier circuit.
(a) (b)
Figure 2.13 : Production stage of the Villard cascade voltage multipliers.
multiplication circuits shown in Figure 2.12, was designed to give a positive DC
output voltage. The input alternating voltage is folded and rectified in every cascade
stage consisting of two capacitor and two rectifier. By this circuit, an n-stage cascade
produce n times folded output voltage, assuming no losses. The losses occur when the
output current is not negligible. Thus, in the case of an X-ray tube is connected to the
cascade output as a load, there is an AC current which can not be negligible through the
capacitors. This current causes a voltage drop on the stages and a lower input voltage
for subsequent stages.
Figure 2.13 shows the produced cascade multiplier units, one for negative and one for
the positive high voltage out. Low voltage drop and fast T75A diodes and 8kV, 10
nF MKP (Metalized Polypropylene) capacitors were used in the cascade units. The
electrical insulator solution is added into the mold to prevent possible sparks between
the connections of the cascade stages.
The voltage multiplier units were intended be used with a step-up transformer. The
voltage increased first with a step-up transformer which would be wounded specially,
would be used as the alternating voltage input for the multiplier units. Then the
alternating voltage would be increased to order of kilo-volt voltages as it to be rectified.
A test transformer wounded first to check multiplication performance of the multiplier
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Table 2.2 : Ratings of the transformer built to test cascade unit.
Vp(V ) Vs(V ) Cascout Cascout/Vs Vs/Vp Voltage drop(V)
2.11 138.74 1300.00 9.37 65.79 87.38
4.66 283.02 2710.00 9.58 60.71 120.25
7.21 429.53 4145.00 9.65 59.54 150.31
9.77 570.49 5550.00 9.73 58.41 154.89
Figure 2.14 : Calculated voltage drop on the cascade unit.
units without load. Two primer winding having 34 turns were prepared on a EI
shape iron core to provide different input voltage values. The secondary winding was
wounded to be 2014 turns. As a result, the step up voltage ratio was calculated as 1:60
and 1:30 for two different primer winding.
The high voltages obtained through the cascade unit output, were always less than the
cascade stage number of 10 that was produced. Because of a very small current flows
on the cascade, there should be voltage drop on stages. The voltage drop formula for
negligible current drawn from cascade is given as;
V =
I
f c
(
2
3
n3 +
1
2
n2− 1
6
n) (2.2)
As can be seen in Figure 2.14, when the number of stages increase, the voltage drop
on the cascade is bigger. The measured transformer step up ratios were given in the
Table 2.2 and the ratios were almost the same with the predicted value of 1:60 at low
voltage inputs. In the last column, the observed voltage drops values differs from the
expected value of 90 V for 10-stage cascade due to the increase of current drawn inside
the cascade unit at higher voltage values.
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Figure 2.15 : Final design of high voltage power supply for the benchtop X-ray imaging
system.
Beside the 10-stage voltage multiplier unit for positive high voltage, another 10-stage
voltage multiplier unit produced for negative high voltage by reversing the polarities
of all the rectifiers in cascade stages.
After confirming that the cascade units work properly, the required transformer for
the CEI OX/70-P tube high voltage unit, was designed. In the high voltage level,
much of the specific expertise involves managing the high number of secondary turns,
and the high secondary voltage. For this aim, core geometry, insulation methods
and winding techniques are quite different compared to conventional transformer
designs. Some concerns for high voltage transformer design are; volts/turn ratings of
the secondary wire, achieving the insulation between the winding, dissipation factor
of insulating material, winding geometry and leakage flux, varnishing, removal of
moisture, and overall cost. In our system, two identical simple transformers were used;
one for negative high voltage and one for positive. They were 25W ordinary step-up
transformers having 12, 18, 24, 36 and 48V primary terminals and one 220V secondary
terminal. These two transformers were connected serial for having symmetrical output.
In order to provide symmetric voltage feeding the cascade units, step-up ratio of both
of the transformers was chosen to be same. Changing the primary/secondary ratio
enables the multiplication or division of high voltage. Final design of high voltage
power supply with the transformers was given in Figure 2.15.
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A 0-30V volt, adjustable 3A DC power supply was used for the combination of “input
voltage source” and “input filter” sections in Figure 2.2 general design schematic.
The PWM unit provide 100 Hz-7 kHz adjustable square signal up to 4% duty cycle.
This high frequency signal is stepped-up by the two serial connected transformers.
The reason for the high frequency signal generation is to provide high performance
operation with reduced value of storage capacitors in cascade units.
A known problem occurs when a highly inductive transformer (high step up ratio)
is coupled to a high frequency signal. The high step-up ratio reflects a parasitic
capacitance across the primary of the transformer. This is reflected as a (Nsec
:Npri)2 function and abnormally high pulse currents will be present in the PWM unit.
The optimum frequency of the PWM driver was obtained at 2.22 kHz as shown in
Figure 2.16. This frequency was lower than the frequency that was used for pushing
the voltage to the limit. 6.7 kHz PWM signal was used to obtaining 63 kV (31 kV
Figure 2.16 : Shape of the signal generated by the PWM unit for 30 kV high voltage.
and -32 kV for positive and negative output of the cascades respectively). However,
2.22 kHz signal was enough to get 30 kV tube voltage. Since high voltage and current
requirements for various samples are different, PWM signal should be checked and be
optimized for the best result.
Figure 2.17 shows the secondary voltage outputs and the corresponding high voltage
generated. All of the measurements were performed with the CEI OX/70-P tube as the
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(a) (b)
Figure 2.17 : Step-up transformer secondary output voltages and corresponding high voltage
values produced within the cascade units. a)Negative high voltage transformer
b)Positive high voltage transformer .
load. Due to the required current values for system design was in the µA levels, any
temperature rising in transformers was not observed.
Secondary voltage of the transformer never exceeds 230 VAC. Thus, we do not need to
use high voltage winding ratio or special transformer. Instead of using a high voltage
transformer, driving simple transformers by a signal with an optimum frequency and
amplitude, enable us to generate the high voltage that we need.
2.2 Design of X-ray Generator
CEI OX/70-P tube is a direct hot cathode tube, thus it needs to a power source
for the filament heating also. But when high voltage is applied between anode and
cathode, the filament is also under high voltage. Applying 1.5 A alternating current
and 2.5 VAC voltage values to the filament, when the tube high voltage is chosen to
be 61 kV, means that, there is 31000 kV on one terminal and 31002.5 kV on the
other terminal. In that reason, the power supply for feeding the filament has to be
(a) (b)
Figure 2.18 : Tungsten filament characteristic of CEI OX-70-P X-ray tube. a)Test results
b)Provider data sheet results.
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isolated and the current tend to leak to mains line has to be blocked out. To do this,
an isolation transformer was produced which has good electrical insulation between
primer and seconder. Primer and seconder winding were isolated from each other by
3 cm tick electrical insulation solution (3M 90-A TR). An alternating power source
variac was filtered with this isolation transformer and the filament power supply unit
was completed. The results of current-voltage characteristic tests of the tube filament
was given in Figure 2.18. The provider specifications and observed value with the
setup including isolation transformer were all consistent.
The X-ray energy spectrum of the tube was determined with Amptek X123 X-ray
detector for different tube voltages. Amptek X123 is a compete X-ray spectrometer
system which include its X-ray detector, preamplifier, ADC and high voltage unit. It
was used as a reference detector in the test measurements. The detector was placed
10 cm away from the CEI OX/70-P tube and the measurement time was set to two
minutes. Four different spectra were given in the Figure 2.19 correspond to four
different tube voltage. As shown in the figure, increasing the tube voltage affects
Figure 2.19 : CEI OX/70-P tube spectra taken with different tube voltages.
the maximum X-ray high energy tails. The highest energy photon distribution was
obtained on 32 kV tube voltage and characteristic peak from shielding material of the
Pb Lα (10.52 keV) and Pb Lβ (12.62 keV) peaks were seen in the spectra. The spectra
shows that, generated X-rays within the CEI OX/70-P tube and the high voltage unit
are compatible with each other.
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Figure 2.20 : CEI OX/70-P tube spectra taken with different tube voltages.
The effect of the filament current to the X-rays generated was investigated for the same
test setup. The tube and filament voltages were fixed to 22 kV and 1.5 VAC respectively.
The tube current was set to 1.60 A and 1.66 A for two different spectra. The energy
tails and the peak energy value of the X-ray photon distributions were seen as to be
same in Figure 2.20. The ratio of the peak areas and the applied current values shows
that the desired X-ray intensity can be provided by adjusting the tube current properly.
Comparison studies of simulated and measured energy distribution of the CEI OX/70-P
in several tube voltages were published by our group, in Nuclear Instrumentation and
Methods in Physics [4]. The spectra taken with Amptek X123 spectrometer and the
Figure 2.21 : Comparison of measured and simulated spectra for various energies [4].
spectra simulated with GEANT-4 particle physic simulation toolkit by other group
members were given in Figure 2.21 for energies of 20 keV, 25 keV, 30 keV and 35
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keV. Since operation voltage of the tube was lower than 35 keV, no characteristic X-ray
peaks of tungsten anode were seen in the figure. However, experimental spectra include
small peaks between 3 keV and 14 keV. They were originated from the shielding
materials (mostly lead) used in the experimental setup. Since the shielding blocks
were not included in the simulation geometry, they are not visible in the GEANT-4
results.
2.3 Design of X-Y Scanning Bench
2D scanning bench consists of two linear trays which were fixed together to be
perpendicular. The one on top has a load-bearing panel and the detector box is fixed on
it as can be seen in Figure 2.22. Linear axis trays are moved by two step motors placed
on side of the trays. Controlling the motion of X-Y scanning bench was achieved
Figure 2.22 : CEI OX/70-P tube spectra taken with different tube voltages.
with the M542 motor drivers and Mach3 CNC Software pocket program via parallel
port communication. Mach3 uses a special numerical control programming language
called as G-code or G-programming language. Mach3 is a complicated software which
allows to adjust motor speed, acceleration, step size, start-stop positions and the shape
of the route of the integrated trays. However, it does not accept any external input
signal to control any peripherals. Mounting the detector unit independently on the
scanning bench, requires a synchronization procedure of the motor movements and the
data taking procedure. This has crucial importance in image construction stage. Thus,
we designed the bench and also the detector movement with the following steps;
1. Turn on X-ray and wait 10 minutes,
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2. Send the detector to the start position,
3. Wait for some specified time to count the X-rays,
4. After a specified time, send the counting info to the computer,
5. Reset detector counts,
6. Go to another position with a specified speed and stop after a specified step interval,
7. Loop between the procedure 3 and 6 until to the specified end point.
Sending and deleting the count information from detector should be synchronized with
the motor motion. Otherwise, position and X-ray counts matching is inevitably broken.
To provide this synchronization, an active signal was desired when the motor was
moving. This signal was found in the motor driver unit which was very short time
signal in ms level. A delay circuitry was built using NE555 integrated circuit to have
an interrupt during the motion of the detector between the scan steps. Thereby, we
can track the motors when they were moving. This signal was transferred to computer
via an Arduino or FPGA unit together with the detector counts information. With
this setup, the counting time can be set for every position, and then when the motors
starts moving, the counting information is sent to computer and it is reset for new
X-ray count. Since there are two motors, reset procedure should be done for either
one of them. If one of the motors moves, the count information of the position should
be sent to computer. After that, it should be resettled for new position. Simple gate
logic was designed for this aim using DM74LS32 quad input Or gate integrated circuit.
Figure 2.23 shows the data acquisition logic with the usage of FPGA unit. The intensity
Figure 2.23 : Block diagram of the control logic.
monitor is an additional X-ray detector based on BPW-34 silicon PIN diode and the
details were given in the proceeding sections.
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(a) (b)
Figure 2.24 : Tungsten filament characteristic of CEI OX-70-P X-ray tube. a)Test results
b)Provider data sheet results.
2.4 Design of Detector Unit
The X-ray detector unit comprises readout cards shown in Figure 2.24(a), BPW-34
silicon PIN diode and metal enclosure box. The cards include preamplifier, shaping
amplifier, bias and threshold adjustment switches. This unit is produced by Ahmet
Bayrak. BPW-34 is a silicon PIN photodiode with high speed and high radiant
sensitivity and it is used as X-ray detector in our imaging system. The signal output
from the cards can be selected as analog or digital thanks to its shaping amplifier and
comparator unit.
It is known that detector counts change in the while the incident X-rays coming
directly without any object encountered, caused by filament and anode voltages. Since
there were no feedback controls in the high voltage unit for precise regulation of the
filament current and the anode voltage of the tube, detector counts are influenced
from changes of filament current and anode voltage. Thus another detector is used
to monitor X-ray intensity changes in time. In order to investigate the magnitude
of these fluctuations which may deteriorate the image quality, a measurement was
performed with CEI OX/70-P dental tube that was powered with our custom made
high voltage and filament power supplies. The setup shown in Figure 2.24(b). The
counting time of the detector unit was chosen to be four seconds and the position of
the detector was arranged to be 15 cm away from the tube. As shown in Figure 2.25,
X-ray intensity fluctuates due to mostly non-regulated power supplies. The tube was
run with low anode current (50µA) and temperature on the tube was quite stable during
the measurement and obviously could not explain the fluctuations in the count rate. It is
required to monitor the changes in the X-ray intensity and to apply correction to image
in the image reconstruction stage. As a result, the variations in X-ray intensity, one
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Figure 2.25 : Intensity monitor counts (top) and time stability of the filament current
(middle). Temperature vs time of the tube wall (bottom).
of the main reason changing the quality of image, has to be monitored and removed if
possible. This is a big problem in high voltage electronics and there are many detailed
works about the reasons of instability [26] [27]. Monitoring the intensity changes is
much more practical and easier than designing a complicated hardware for the stability
of high voltage, current and temperature.
2.5 First image reconstruction for test: A screwdriver
The detector unit was secured on the holder and the position of the X-Y scanning bench
was set 16 cm away from the tube. A screwdriver was used as an imaging sample and
it was placed vertically between the x-ray source and detector unit at 10 cm away from
the tube and 6 cm away from the detector. The detector was moved by 1 mm steps
ihorizontally and 1.5 cm vertically. Counts corresponding the position of the detector,
were taken for four second and a frequency counter was connected to the detector
output as stimulating a radiation counter. All the position and frequency informations
were recorded manually and converted to greyscale using a simple MATLAB code.
After recording three horizontal line data, Figure 2.26 was obtained. As can be seen
the screwdriver blocks the X-rays coming from the dentist tube as in the black regions
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Figure 2.26 : The first digital radiograph of a screwdriver using the imaging system for test.
where the frequency values were recorded lower than the white regions. The black area
in the middle of the Figure 2.26 represents the cylndirical rod of the metal screwdriver
and the most outer black regions represent the outside of the X-ray cone. Circular
draws give rough representation of the X-ray photon distribution.
2.5.1 Arduino/FPGA interface
An interface is required to bridge the connection between detector hardware and the
computer and to automate the data read-transfer-reset procedure. Images with high
resolutions requires multi detector arrays coupled with sophisticated software for the
analysis of electronic signals. Having a dozen of detector and huge data transfer rate
compel the use of programmable system electronic components, such as high-powered
CPUs and FPGAs (Field Programmable Gate Array). Aessent aes220b high speed
USB FPGA unit was chosen for this purpose. It is based on the Xilinx Spartan3AN
FPGA family and the Cypress CY7C68013A FX2LP micro-controller. The modules
provide 72 GPIO (General Purpose Inputs Outputs) linked directly to the Xilinx device
which can be accessed using the two 48 pin 0.1” pitch through hole connectors on
either side of the modules [28]. These pins can be used as the detector inputs and
the output signal can be sent to the computer via serial communication. Every step
of the positioning stage, the counting data from multiple detector array were taken
and buffered in the FPGA and will be sent to computer. After that all the counters
can be reset. The hardware description language Verilog was chosen to control FPGA
features instead of much more complicated architecture, VHDL (VHSIC Hardware
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Description Language). The main advantage of using FPGA with multidetector
studies is synchronous data transfer of all different source signals thanks to its parallel
programming capability.
In the case of imaging studies with single detector, complex FPGA structure is
impractical. Most of the imaging studies within this thesis were performed with single
detector unit, therefore Arduino Mega 2560 micro controller board was used as the
interface between hardware and computer. The Mega 2560 is a micro controller board
based on the ATmega2560. It has 54 digital input/output pins (of which 15 can be
used as PWM outputs), 16 analog inputs, 4 UARTs (hardware serial ports), a 16 MHz
crystal oscillator with a single USB connection.
The complete system setup was materialized by connecting the transformers, PWM
unit, multiplier units, CEI OX/70-P tube, filament power supply, isolation transformer,
2D position scanner and the detector unit, and shown in Figure 2.27
Figure 2.27 : Top view of the benchtop X-ray imaging system designed and used.
1.Dual 30 VDC power supply.
2.Serial transformers.
3.Positive high voltage cascade unit.
4. Negative high voltage cascade unit.
5.Pulse width modulation (PWM) unit.
6. CEI OX/70-P dental tube and Pb enclosure.
7. Isolation transformer.
8. Monitor detector for probing X-ray intensity change.
9. Sample holder.
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10. Pulse delayer unit.
11. Single BPW-34 detector and readout box.
12. FPGA/Aduino unit.
13. 2D position scanner.
14. Power supply of the detector.
15. Step motor.
1, 2, 3, 4 and 5 numbered components compose together the high voltage generator
of the system. The CEI OX/70-P tube was centered in the shield with lead composite
(6). The filament power was provided by a variac and the isolation transformer (7)
was used between the variac and the filament power supply providing 2 VAC and 1.5
A at regular operating conditions. Possible drift at the X-ray intensity was solved by
correcting the image data when necessary by using the data obtained from the X-ray
intensity monitor (8). Objects to be imaged were secured on the sample holder (9) and
the height of it can be adjusted manually. The pulse delayer unit (10) accepts the signal
from the motor driver when it is active and sends it to the FPGA/Arduino (12). X-rays
absorbed from the sample are detected with the dtector unit with a single BPW-34 (11).
2D scanner unit (13) were secured in an upright position. The BPW-34 detector power
is supplied with a separate source which consists of AC/DC converter (14). The step
motor (15) is used to move the horizontal tray and the same motor used for the vertical
tray.
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3. RADIOGRAPHY OF THE SELECTED SAMPLES
3.1 Test Measurements
Some test measurements were performed to check the imaging setup, before making
any imaging studies on the selected samples. First, X-ray distribution of two
sources (CEI OX/70-P tube and Mini-X X-ray generator) were determined with two
different detectors (X123 spectrometer and our BPW-34 based detector). Mini-X is a
self-contained, compact, miniature X-ray generator including an X-ray tube, a power
supply, control electronics and the USB communication to the computer. Figure 3.1
shows the test setup for determining the X-ray distribution from selected sources with
two different detectors simultaneously. X-ray distribution generated from Mini-X
Figure 3.1 : Measurement setup for determining distribution of the X-ray sources.
generator was reconstructed as shown in Figure 3.2(a) using our BPW-34 Si-PIN
photodiode based detector and its read-out unit. In this measurement, Mini-X X-ray
generator voltage and its current were set to 20 kV, 8 µA respectively. Distance
between the source and the detector was chosen to be 10 cm. Digital signals from
detector readout box, representing the X-ray intensity for all positions, were transferred
to computer using Arduino acquisition board. The measurement configuration was
given in Table 3.1. At the specified source-detector distance, it was observed that
the X-ray distribution covered a circular area of 8.8 cm diameter. In this setup, 2.5
mm thick aluminum collimator with a single hole of 1 mm diameter on its center was
secured in front of the BPW-34 diode. With this simple collimator, scattered X- rays
in large angles are blocked. The distribution topography given in Figure 3.2(b) shows
that distribution of the X-rays were non uniform as expected.
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Table 3.1 : Measurement configuration for X-ray distribution of Mini-X X-ray generator
determined with our BPW-34 based detector unit.
Scan Scan Step Tube Source-Sample Sample-Detector
area time size voltage, current distance distance
12×12 cm2 100 min. 5 mm 20 kV, 8 µA 99 mm 1 mm
(a) (b)
Figure 3.2 : X-ray intensity distribution of the Minix X-ray generator taken by BPW-34
based detector unit in test measurement purpose. a) Radiograph b) Topograph.
Figure 3.3(a) shows the X-ray distribution of the same source and measurement
conditions but commercial Amptek X-123 complete spectrometer system was used
as detector. Amptek X-123 combines X-ray spectroscopy components in a single
(a) (b)
Figure 3.3 : X-ray intensity distribution of the Minix X-ray generator taken by X123
spectrometer in test measurement purpose. a) Radiograph b) Topograph
package. These are XR-100CR Si-PIN detector and preamplifier, DP5 digital pulse
processor, MCA and PC5 power supply. It requires +5 VDC power and a standard
RS-232 or USB bus to run. With X-123, it is possible to obtain high quality X-ray
spectra. In this setup, X-123 spectrometer was positioned on the BPW-34 detector box
as shown in Figure 3.1 and X-ray spectra were registered for 5 seconds at each specified
position. After the scan was completed, energy spectra were analyzed. A simple code
was written to analyze 327 MCA files in total. The integral counts from each spectra
were taken into account for determining X-ray intensities for each scan positions. Only
the electronic noise corresponding to first few channel were not taken into account.
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Region of interest (ROI) for the calculation of integral counts from spectra was chosen
between 9.82 keV and 25.84 keV in MCA files. Due to the tube voltage was set to
20 kV, high energy tails of the spectra end 20 keV. And low energy tails start from 11
keV due to the inherent filteration of the glass enclosure of the tube. The ROI interval
was extended as a few keV to include possible shifts in spectra due to the tube power
changes. Then these counts were converted to greyscale image given as Figure 3.3(a).
The distribution determined with X-123 spectrometer at the given position was not
symmetrical (Figure 3.3(b)) due to the position of the X-123 spectrometer as can be
seen in Figure 3.1. Placement of the X-123 spectrometer at an upper position from the
center of the beam, causes the elliptical shape of the radiograph.
X-ray intensity distribution of the CEI OX/70-P tube was also determined with the
BPW-34 based detector with the same geometry setting and the tube voltage of 29 kV.
After 100 minutes scan time and image reconstruction process, it was shown that the
tube was not correctly centered in the lead shield as seen in Figure 3.5(a). Due to the
off-center tube position, the incident X-rays were absorbed in the shield wall seen in
Figure 3.4. All further imaging studies took place with aligning the anode to the center
of the shield opening based on the result of this test measurement. The shadowed area
was not seen in the scanned samples after this alignment.
Figure 3.4 : Lead composite shield.
In the next sections, the imaging studies on some selected samples will be given. All
the information about the measurement setup was given below the radiograph of the
sample. Two dimensional scale bars was not given in some figures in order to prevent
overlap with the radiograph image. Since the scale in both dimensions were the same,
only horizontal scale was given. The sample sizes were chosen to be as 10 cm×10 cm
or smaller. CEI OX/70-P tube used as X-ray source and single BPW-34 silicon PIN
photodiode based detector was used with its readout unit and the Arduino interface.
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(a) (b)
Figure 3.5 : X-ray intensity distribution of the CEI OX/70-P tube in test measurement. a)
Radiograph b) Topograph
The scan step size determines the image resolution in principle. Waiting time is the
time that the detector take data at a specific position. Time required, when the detector
move to go its the next position, was set to be 140 ms and this was adjusted to be same
for all radiographs. The acceleration of the motors can be set via Mach3 CNC control
software. 140 ms delay was chosen to be the optimum time requirement for the data
acquisition procedure. The scanning bench movements provided with two step motors
as mentioned before. The step size of the motors or also the detector, was given in
the information chart and both X and Y axes has the same step size given. Scan area
stands for the area that the detector was moved in. The aluminum collimator with its
2.5 mm thick and 1 mm hole was used in most of the radiographs.
3.2 Image of An Integrated Circuit
NE555 is an integrated circuit consisting of 3.2 mm thick plastic package and eight
aluminum pin in first look. It is known that it includes some transistors and the
connections to the pin outs. In Figure 3.6 radiograph of the NE555 integrated circuit
was given together with the imaging setup information. The transistor block can be
seen in the middle of the image and the aluminum pins were distinguishable.
Intensity variations of X-rays can be seen easily from the background structure.
Contrast between some vertical consecutive lines reveals mainly this X-ray intensity
variation due to the drift in the tube high voltage or filament current. But determining
the exact source of the variations is challenging. Most industrial type imaging
system was supported with feedback circuitry to stabilize the voltage/current output
to minimize the X-ray intensity changes. However, our design does not include such a
feedback control for simplicity. Instead, using an X-ray intensity monitor based on the
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Scan step size (pixel resolution) : 66×66 µm, totally 200×200 steps
Spatial resolution : 385 ppi
Waiting time per step : 2 s
Scan area and direction : 13.2×13.2 mm2, vertical
Source-sample distance : 100 mm
Sample-detector distance : 10 mm
Tube voltage and current : 26 kV, 178 µA
Total scan time : 26 hours
Background correction : No
Aluminum collimator : No
Figure 3.6 : NE555 integrated circuit radiograph and the imaging setup.
same architecture with the BPW-34 detector solved the problem. The intensity monitor
was positioned close to the edge of the X-ray beam profile (Figure 2.27) to prevent the
detector from counting the scattered photon. The idea was that counting the X-ray
photons directly coming from the tube and using the recorded intensity monitor data
for correcting the reconstructed image. The intensity correction was made based on
the following steps. Intensity monitor counts (Mi) were normalized to its minimum
value (Mmin) as
Min =
Mi
Mmin
(3.1)
and normalized monitor counts were obtained (Min). Then measurements at each scan
position (Ni) were scaled with the normalized monitor counts as follows
Nic =
Ni
Min
(3.2)
where Nic were the intensity corrected counts. This background correction procedure
was applied the radiographs including X-ray intensity variations in their background.
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3.3 Image of a Washer on Polyvinyl Chloride Tablet
In an another imaging study, 0.4 mm thick aluminum washer was sealed on a 1.50
mm thick polyvinyl chloride (PVC) square tablet with tape. 1 mm step size of the
Scan step size (pixel resolution) : 1×1 mm, totally 35×35 steps
Spatial resolution : 26 ppi
Waiting time per step : 2 s
Scan area and direction : 35×35 mm2, horizontal
Source-sample distance : 100 mm
Sample-detector distance : 10 mm
Tube voltage and current : 22.5 kV, 225 µA
Total scan time : 49 minutes
Background correction : No
Aluminum collimator : Yes
Figure 3.7 : The imaging setup of an aluminum washer on PVC. Left: Photograph Right:
Radiograph.
detector movement, causes the low resolution radiograph. On the other hand, the
contrast between aluminum washer and PVC is clear. The gray horizontal line at the
bottom of the radiograph is 5 cm thick polystyrene foam which is used for fixing the
sample. Due to 49 minutes scan time, X-ray intensity variation was seen in two zone.
Relatively lower intensity achieved in the upper part of the radiograph. This zone
corresponds first 13 minutes of the scan time. After this time, probably power supply
was settled and the intensity became more or less stable as can be seen in Figure 3.7.
3.4 An Image of a Copper Piece Inside a Cake
Any contamination to food with impurities of any kind may have the most serious
consequences for both producer companies and the consumers. The imaging system
produced in this thesis can also be used for inspecting the contaminations in foods. In
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this study, a piece of copper was embedded into 1.8 cm thick marshmallow cake on 0.6
cm thick biscuit. The cake was placed on the sample holder as vertically and the biscuit
of the cake was aligned to be parallel with the detector surface. Although the circular
biscuit of the cake can be seen with low contrast in Figure 3.8, the 0.93 mm thick
copper piece can be easily distinguished. The intensity variations were encountered as
horizontal contrast differences in the middle radiograph.
In this imaging study, the intensity monitor was added to the imaging setup. Without
any need for a new scan, using the intensity monitor counts, new radiograph was
reconstructed applying the background correction procedure. The low X-ray intensity
Scan step size (pixel resolution) : 364×364 µm, totally 173×173 steps
Spatial resolution : 70 ppi
Waiting time per step : 2 s
Scan area and direction : 63×63 mm2, horizontal
Source-sample distance : 100 mm
Sample-detector distance : 10 mm
Tube voltage and current : 24 kV, 190 µA
Total scan time : 20 hours
Aluminum collimator : Yes
Figure 3.8 : The imaging setup of a marshmallow cake and a copper inside. Left: Photograph
Middle: Radiograph without background correction Right: Radiograph with
background correction.
region at the bottom of the radiographs was appeared due to the polystyrene foam
for fixing the sample. At the lower right of the radiographs, an undesired impurity
was realized. This was paper staple made from zinc-plated steel wire which has been
stapled in the opaque polystyrene foam somehow.
3.5 Image of a Screw
A stainless-steel screw having 1 mm pitch size was scanned and the reconstructed
radiographs were given in Figure 3.9 with and without background correction. The
pitches of the screw became visible clearly and the effect of intensity variations
were removed in the background corrected radiograph. The horizontal darker gray
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Scan step size (pixel resolution) : 110×110 µm, totally 200×200 steps
Spatial resolution : 81 ppi
Waiting time per step : 2 s
Scan area and direction : 22×22 mm2, horizontal
Source-sample distance : 100 mm
Sample-detector distance : 10 mm
Tube voltage and current : 23 kV, 180 µA
Total scan time : 26 hours
Aluminum collimator : Yes
Figure 3.9 : The imaging setup of a stainless-steel screw. Left: Photograph Middle:
Radiograph without background correction Right: Radiograph with background
correction.
areas which represent the intensity variation of X-rays were also disappeared after
background correction. The pitch sizes of 0.5 cm thick stainless steel screw was
measured in the radiograph as 1 mm, like its actual value. The gray scale values of
the middle areas of screw were zero in the radiograph. Because of this measurement
results, one can conclude that, imaging of the inner structure of 0.5 cm thick stainless
steel screw requires much more tube voltage value than 23 kV.
3.6 Image of Stainless-steel Nut in Water
The fluid level determination with X-rays in closed containers is one of the application
area of industrial imaging. The X-ray imaging system designed and produced in
this thesis can be used to determine the fluid level in some plastic boxes like camera
negative film box. For this purpose, a 2.65 mm thick stainless-steel nut together with
the 1.49 mm thick PVC tablet were immersed into water down to its half height in a
3.10 cm wide polyethylene box. The tube voltage was same as the previous imaging
setup and the other parameters were given in Figure 3.10.
In the radiographs given, the borders of the polyethylene film box can be seen as the
right and leftmost vertical gray lines. The stainless-steel nut immersed vertically into
the water and the water level can be easily distinguished in the radiographes. In this
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imaging study, the intensity variation of the X-rays was not noticeable as in the other
radiographs. Due to the relatively short scan time (7 hours), the stability of X-ray
intensity can be explained. The white PVC tablet was hardly seen in the radiograph
due to its close mass attenuation coefficients to the one of water.
Scan step size (pixel resolution) : 320×320 µm, totally 100×100 step
Spatial resolution : 79 ppi
Waiting time per step : 2 s
Scan area and direction : 32×32 mm2, horizontal
Source-sample distance : 100 mm
Sample-detector distance : 10 mm
Tube voltage and current : 23 kV, 190 µA
Total scan time : 7 hours
Aluminum collimator : Yes
Figure 3.10 : The imaging setup of stainless-steel nut and PVC. Left: Photograph of black
opaque polyethylene box, nut and PVC Middle: Radiograph without
background correction Right: Radiograph with background correction
3.7 Image of a Watch
The usage of the X-ray imaging system on imaging of personal belongings was
investigated with imaging of a watch. The inner mechanism of the watch was made
by brass alloy and aluminum. The strap of the watch is made of flexible plastic rubber
and two strap pins are made of stainless-stell.
In Figure 3.11 radiograph, inside of the plastic case watch can be seen. The contrast
between the outer plastic case and the stainless-steel strap pins was distinguished
clearly. The wheel shaped region where the time indicator numbers represented as
small plastic hemisphere on it, was also made by stainless-steel.
In this imaging study, the precise mechanical details of the inner structure of the watch
were distinguised, applying the highest tube voltage value 30 kV in 26 hours imaging
time.
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Scan step size (pixel resolution) : 258×258 µm, totally 200×200 step
Spatial resolution : 98 ppi
Waiting time per step : 2 s
Scan area and direction : 52×52 mm2, vertical
Source-sample distance : 100 mm
Sample-detector distance : 10 mm
Tube voltage and current : 30 kV, 140 µA
Total scan time : 26 hours
Background correction : No
Aluminum collimator : Yes
Figure 3.11 : Radiograph of a watch. Left: Right: without background correction.
3.8 Multidetector Array
The imaging time for the selected sample varies depending on sample size and desired
image resolution. Some radiographes reconstructed in this thesis required time on
the day of order. In order to reduce the imaging time, a multidetector array, which
compromises 24 pcs BPW-34 detectors, was designed and produced by the group
colleagues as it is shown in Figure 3.12(a).
Imaging with this detector array requires using an FPGA to transfer the data from
detectors to the computer. An FPGA code for obtaining data from four detectors
was written and it was used for test purposes. The array was positioned on the 2D
scanner and the tube voltage was set to be 25 kV. The detector array module was
placed 10 cm (Figure 3.12(b)) away from the source and data-taking time was adjusted
to two seconds. After the end of data collection time, data from all four detectors
were transferred to the computer simultaneously, thanks to FPGA unit. Analysis of the
data from four detectors for 5 hours accumulation time in the same position is shown
in Figure 3.12(c) . Within this setup, det-4 gives the largest X-ray intensity since its
position is the nearest one to the center of the X-ray distribution. This work showed
that the detector counts can be transferred to the computer using FPGA module fast and
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(a)
(b) (c)
Figure 3.12 : Test measurement of multidetector array. The detector signals were transferred
to computer by FPGA unit. a) 24 BPW-34 detectors as an array structure b)
Test setup for FPGA unit c) Analysis of the data from four detectors using an
FPGA unit.
parallel. Imaging with the multiple detector array was out of scope for this thesis, but
the experiences gained on this issue will be very useful in future on the development
of the imaging system.
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4. SCINTILLATOR FOR X-RAY IMAGING SYSTEM
Non-destructive testing (NDT), medical imaging, molecular spectroscopy and basic
research fields use the advantages of the crystal scintillators. In the nuclear
imaging techniques, scintillates are coupled with the detector preserving higher
detection efficiency and better image resolution. They also permit to increase speed
of response, the accuracy and the sensitivity of the detection. Wide band-gap
materials are employed in fabricating scintillator for transformation of the X-ray to
ultraviolet/visible photons. X-rays produce charged particles in the scintillator crystals
and they interact with the crystal to emit photons Figure 4.1. These lower energy
photons are subsequently collected by photomultiplier tubes or directly detected with a
detector. Cesium Iodine (CsI) crystals are widely used in the nuclear detection systems
due to its relatively low hygroscopity, cost and high atomic number.
4.1 CsI Crystal Growth Using Vertical Bridgman Method
Crystal growth from molten pure material is the most popular method for growing
single crystals at large scale and the Bridgman technique is one of the oldest techniques
used for growing crystals. In Bridgman technique the crucible containing the molten
material is moved along the axis of a temperature gradient in a furnace. The
solidification of the molten material is provided by translating it from the hot zone
to the cold zone of the furnace. The direction of the translation and the temperature
gradient are chosen to be the same in vertical Bridgman technique. In this thesis,
growth of a single CsI crystal was studied in accordance with the vertical Bridgman
technique using three temperature zone Crystalox vertical Bridgman Single Crystal
Growth System equipment. CsI coupled BPW-34 diodes would increase our detection
efficiency. Before starting the growth, the powder form of the CsI was purified by
evuating and heating in the quartz crucible at 200◦C for 24 hours to remove residual
water. Being the melting point of the CsI is 621◦C, quartz crucible was used and the
starting point of the tube was produced as a needle top. The conical shape of the tube
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was produced considering the aspect ratio. The height of the conical area was longer
than the radius of the tube. The starting material CsI used with a purity of 99.5% was
obtained from Sigma Aldrich Co. After cleaning procedures of the tube, 5 mg CsI
powder added into the quartz crucible under the glove box as shown in the Figure 4.2.
The glove-box was filled with nitrogen gas to prevent moisture.
Figure 4.1 : A sketch of a detection of scintillation with the main constituent parts.
Figure 4.2 : Pure CsI powder in quartz crucible.
The Bridgman furnace system consists of high and low temperature regions at both
ends of growth zone where the crystallization process is occurred. The furnace is
integrated with a servo controlled motor mechanism in order to move the crucible at an
appropriate crystal growth rate under stationary temperature gradient. In conventional
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vertical Bridgman configuration, the crucible is lowered out of the furnace through
a temperature gradient. This gradient zone is a critical region since the temperature
gradient leads microscopic growth. To provide better thermal control in the gradient
zone, a three-zone furnaces are similar to our system. The temperature gradient of the
Crystalox three temperature zone furnace was set to 2◦C/cm and the growth rate was
chosen to be 0.8 mm/h based on the literature search on CsI single crystal growth [29],
[30] and considering the furnace depth profile. The upper, middle and lower regions
were set to 800, 500 and 200◦C respectively to get the 2◦C/mm temperature gradient.
Three thermocouples were placed at 84 mm, 235 mm and 386 mm from the top of the
furnace for the upper, middle and lower regions respectively. With these values the
temperature gradient was calculated to be 1.99◦C/mm as shown in Figure 4.3.
Figure 4.3 : Temperature gradient for CsI crystal growth.
The time requirement for the growth was estimated approximately two weeks
considering the position of the crucible in furnace and the motor speed. Due to
continuous cuts in the mains power line, the temperature gradient of the furnace could
not been stabilized during the growth process. At the end of the sixth day, the furnace
was damaged and the solidified CsI powder was formed as in Figure 4.4.
Figure 4.4 : Solified CsI powder at the end of sixth day in the vertical Bridgman furnace.
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This study was useful to gain experiences on the CsI single crystal growth process
mainly on the sample preparation and setting up the experimental procedures. However
the result was not successfull for growth of the scintillator crystal.
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5. CONCLUSION
A low cost bench-top X-ray digital radiography system has been designed and
constructed within the scope of this thesis. This is the first digital 2D X-ray imaging
system which uses BPW-34 Si-PIN photodiode as image sensor. The system provides
2D digital radiographic images of the light industrial samples with acceptable quality
within several hours of imaging time depending on the dimensions of samples [31].
With the system designed, inner structure of an integrated circuit, a cake, a water
filled plastic box and a watch have been imaged. Additionally, the pitch size of
a stainless-stell screw has been measured to be 1 mm consisting with the actual
value. High contrast difference between aluminum and PVC has been observed at
the radiographic image of the washer on PVC sample. The maximum imaging area of
the system is 20 × 20 cm2. Horizontal or vertical alongations can be adjusted within
this limits.
The system design was based on simplicity. For that reason, no complicated electronics
and feedback circuitry were used for preventing voltage drifts in the power supplies.
Instead of that, a monitor detector probing changes in X-ray intensity during imaging
time was used. This monitor data was then used for correcting the image data for
better image quality. The effects of X-ray intensity variations in the radiographs was
removed after monitor data performed in the image reconstruction algorithm.
The high voltage power supply designed could go up to 30 kV. Objects studied in
this thesis were chosen to be able to imaged at that high voltage. Enabeling the high
voltage power supply adjustable, it is possible to drive different tubes operating upto
30 kV tube voltage and 300 µA tube current. Hereby the flexibility of the system has
been provided for operating various X-ray tubes.
All of the objects were imaged with 4.14-5.06 W tube power. The system is capable of
imaging 2.5 mm thick aluminum equivalence samples. Samples thicker than 2.5 mm
thick aluminum or equivalence can be imaged using higher tube voltages.
Radiographic image quallity indicates how well the inner components of the sample
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is distinguished in the radiograph. The contrast difference between metal piece and
soft cake shown in the radiograph of marshmellow cake (Figure 3.8) proves that the
system can be used for inspection of metal contamination in foods. Due to lower X-ray
absorption properties of foods, other impurities (like bone, glass, ceramic, stone, etc..)
can be detected with our setup in food.
Spatial resolution of the radiographs taken in this thesis were given in the units of
ppi as an indicator of the image quality. Although the active area of the BPW-34
photodiode is 3×3 mm2, 385 ppi spaial resolution was achieved in the imaging setup
for NE555 integrated circuit. This value corresponds 66 µm pixel size. Idea of
changing the detector positions in micro meter order defines that pixel size. Smaller
pixel size allows higher spatial resolution. The minimum step size of the step motors
were 30 µm and this value defines the resolution limit. If 30 µm step size was used,
the resolution obtained would be comparable to the one obtained from commercial
imaging systems. Most of the X-ray imaging sensors produced in the market leading
corporate Hamamatsu have 20-40 µm pixel pitch [32]. The other spatial resolution
values of the imaged samples were given in the 5.1.
Table 5.1 : Properties of the radiographic images reconstructed by the system designed.
Sample Pixel size Resolution Imaging time
(µm) (ppi) (hours)
Washer on PVC 1000 26 0.8
Marshmellow cake 364 70 20
Water filled plastic box 320 79 7
Watch 258 98 26
Screw 110 81 26
NE555 66 385 26
The scattered X-rays reaching the detector from inside structure of the sample have
been reduced using single hole aluminum collimator. 2.5 mm thick simple aluminum
collimator with 1 mm diameter hole, secured in front of the single BPW-34 Si-PIN
photodiode. The scattering effect of the X-rays on the radiographs have been reduced
significantly with this simple setup. Although the number of X-ray photons reach the
detector were reduced with the usage of the collimator, adequate X-ray counts have
been recorded during 2 seconds counting time in each detector position. Precise and
multihole collimators production studies will give much better results in the future
works.
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Depending on the desired resolution, imaging time may take up to several hours
even for small sized objects. However, when time is not number one priority, this
device can provide low cost X-ray images with good quality. The most significant
factor for the sytem designed that efects the imaging time is the usage of only one
detector. As pointed out, our measurements with a single detector are time consuming.
However, identical detectors can be produced as a linear detector array and this could
dramatically reduce time required for having images. The total cost of the whole
device will only change by a small fraction with this improvement. The preliminary
studies have been performed with four identical BPW-34 Si-PIN photodiode. The
image data collected from these linearly aligned four photodiode setup has been
transferred to computer via FPGA unit. The counts recorded from the detectors were
compared with respect to detector positions. Test measurements without any object
between the CEI OX/70-P source and the detectors has showed that the detector close
to center of the X-ray beam record more counts as aspected. The imaging studies with
multidetector array has left as a future work.
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